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Male and Female Powerful Owls - Warrandyte State Park, Victoria, Australia.  
 
Humankind has not woven the web of life. 
We are but one thread within it. 
Whatever we do to the web, we do to ourselves. 
All things are bound together. 
All things connect. 
~ Chief Seattle, 1854 ~ 
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Preface 
This thesis is a compilation of my own work, where I designed the 
methodology for the study with guidance from my supervisors Dr Raylene 
Cooke, Dr John White and Dr Daniel Ierodiaconou. I conducted all of the 
fieldwork, collected and organised all data and undertook all the analyses 
associated with this research. I drafted and revised this entire thesis and all 
photographs are my own except where credited. 
All of the thesis chapters have been written as manuscripts for publication. 
Each chapter is therefore self-contained and some repetition occurs, 
especially in the methods sections. All references have been placed at the 
end of the thesis not at the conclusion of each chapter as required by Deakin 
University. Two chapters (3 and 4) have been submitted for publication and 
are currently under review. Chapters 2 and 5 are currently being prepared for 
publication. These manuscripts have been co-authored with the above 
mentioned supervisory panel and they have therefore contributed to the 
ideas presented in each. The thesis publications are as follows: 
 
Chapter 2: 
Isaac, B., White, J., Ierodiaconou, D., Cooke, R., (in prep). Forest to urban 
gradients: response of a cryptic apex predator. Wildlife Research. 
 
Chapter 3: 
Isaac, B., White, J., Ierodiaconou, D., Cooke, R., (under review). Biotic 
homogenization of arboreal marsupials along an urban to forest gradient. 
Landscape and Urban Planning. 
 
Chapter 4: 
Isaac, B., White, J., Ierodiaconou, D., Cooke, R., (under review). Urban to forest 
gradients: Suitability for hollow bearing trees and implications for obligate cavity 
nesters. Wildlife Research.  
 
Chapter 5: 
Isaac, B., White, J., Ierodiaconou, D., Cooke, R., (in prep). Does urbanization have 
the potential to create an ecological trap for powerful owls (Ninox strenua). 
Biological Conservation. 
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Abstract 
 
Urbanization continues to intensify as the world's population increases. In 
comparison to the rest of the world Australia's population is already highly 
urbanized and concentrated along the eastern coastline. Increasing 
urbanization results in  biodiversity loss, producing biologically homogenous 
communities that are dominated by a few abundant, often alien species. The 
consequence of biotic homogenization is the removal of functional 
redundancies and an overall decline in ecosystem health. Due to specialist 
resource requirements and large home-ranges, apex predators usually have 
low tolerance thresholds to anthropogenic impacts and urban environments. 
Some apex predators, however, are able to inhabit urban environments and it 
is paramount that the factors driving species inhabitancy of urban 
environments are understood. The powerful owl is one predator that is able 
to inhabit urban environments. 
The powerful owl is more tolerant to urbanization than initially perceived, 
inhabiting remnant bushland in close proximity to major cities of Australia. 
Although the powerful owl is occurring within urban environments, the factors 
driving this use are largely unknown, including whether habitat suitability is 
altered by increasing urbanization. The purpose of this research was to 
determine the distribution of the powerful owl across the urban to forest 
gradient and in turn define the factors driving this species use within these 
environments. 
The study occurred along an urban to forest gradient in south-eastern 
Victoria, Australia. Habitat suitability for the powerful owl and two of its key  
Abstract 
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resources, prey and tree hollows was established through presence-only 
species distribution modelling. Occurrences were collected in the field and 
supplemented with atlas databases. Habitat suitability layers for the powerful 
owl, its prey and tree hollow resources were used in site suitability analysis. 
The purpose of site suitability analysis was to place constraints on the habitat 
suitability models, similar to those found within complex ecosystems, to 
determine whether increased urbanization is producing an ecological trap for 
the powerful owl. 
Predictions based solely on eco-geographical variables indicated that 
increases in urbanization resulted in a decline in the proportion of potential 
habitat available for the powerful owl, with the urban zone proportionally 
producing limited potential habitat to support this species. Key eco-
geographical variables driving the powerful owls use of areas were land 
cover, in particular rivers and trees, Normalized difference Vegetation Index 
(NDVI), proximity to riparian vegetation, lineal density of ephemeral and 
permanent rivers.  
Arboreal marsupial habitat suitability differed based on their tolerance to 
disturbance. The disturbance sensitive group of arboreal marsupials were 
most influenced by dense tree cover (crown cover >80%), and lineal density 
of ephemeral rivers while potential habitat for disturbance tolerant arboreal 
marsupials was most influenced by dense tree cover (crown cover >80%). 
Conversely, habitat suitability for the generalist opportunistic arboreal 
marsupials was greatly affected by lineal density of roads, a more 
anthropogenic based variable. Arboreal marsupials, the primary prey of the 
powerful owl, were subject to biotic homogenization with increasing 
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urbanization. Forests supported diverse groups of arboreal marsupials, 
however, as urbanization increased disturbance sensitive arboreal 
marsupials were lost from the system, without replacement. This trend 
continued resulting in homogenized opportunistic generalists.  
A key resource for both the powerful owl and the majority of its prey species 
are hollow bearing trees and alternative structures as both are obligate cavity 
nesters. For arboreal marsupials, tree hollow habitat suitability was similar 
across the gradient, with the two common urban dwellers capable of using 
alternative nesting structures. Conversely, powerful owl, tree hollow habitat 
suitability declined substantially with increases in urbanization, with urban 
zones providing very little potential tree hollow habitat. Tree hollows for 
arboreal marsupials were influenced primarily by the lineal density of 
ephemeral rivers and land cover, in particular tree cover with adequate rivers 
and water sources. Potential habitat for larger tree hollows, or those suitable 
for the powerful owl was influenced greatly by dense tree cover (crown cover 
>80%) which accounted for nearly 60% of the contribution to the model.    
 Through site suitability analysis it was ascertained that increases in 
urbanization are  potentially providing the powerful with prey cues that are 
allowing this species to settle in poorer quality environments. Forest zones 
are capable of producing optimal environments for powerful owls containing 
prey and tree hollows. As urbanization increases the proportion of suitable 
habitat within the urban-fringe declines allowing for a mixture of optimal and 
sub-optimal environments and a potential source/sink scenario. At the most 
urbanized end of the spectrum prey cues are allowing for settlement but the 
Abstract 
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lack of hollow bearing trees are inhibiting breeding, thus causing a potential 
ecological trap.  
This study highlights the ability for modelling to aid in the conservation and 
management of apex predators across an urbanization gradient and the 
importance of including species-specific resources to make predictions that 
include constraints and resource limitations within complex ecosystems. 
Presence-only species distribution modelling has given new insights to the 
factors driving potential habitat for the powerful owl and this species two main 
resources across an urban to forest gradient. Conservation objectives should 
be developed based on the level of urbanization, but ultimately aim to 
maintain or restore ecosystem health. In forest zones priority should be given 
to managing logging and other anthropogenic impacts to retain forest 
structure, complexity and connectivity. Urban-fringe zones are potentially the 
most difficult to manage as, although they contain more resources than the 
urban zone, they are also subject to urban sprawl pressures. In the urban-
fringe the aim should be to maintain and enhance vegetation structure, 
composition and connectivity to ensure maximum habitat for this species. In 
urban zones the emphasis should be on maintaining and enhancing 
structural complexity of remnant patches to make these populations self-
sustaining. One solution to the lack of tree hollows in urban areas could be 
targeted placement of nest boxes.     
 
 
  
 
Chapter 1: Introduction 
 
 
Urban to forest gradient, Victoria, Australia. 
When one tugs at a single thing in nature,                                              
he finds it attached to the rest of the world. 
~ John Muir 1917 ~
Introduction 
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1.1 Urbanization Trends 
Urban expansion is progressing at an unprecedented rate with over 51% of 
humans residing in urban centers (United Nations, 2010). Further urban 
expansion is inevitable, with demographic projections estimating that by 
2050, 68.7% of the world’s population will be urban based (United Nations, 
2010). In contrast to the rest of the world, Australia already has a population 
predominantly urban based with 89.5% of the population currently residing in 
urban environments (United Nations, 2010).  
Extensive and rapid urbanization worldwide has caused substantial declines 
in biodiversity (McKinney, 2002, 2006). Even when presented with this loss of 
biodiversity ecologists are still reluctant to focus attention on urban 
environments (Collins et al., 2000). The reason behind such a tentative 
response may relate to the problematic nature of research in urban 
environments. Practices and processes used to define natural environments 
are not directly applicable to urban ecosystems because of their altered 
structure, function and dynamic nature (Garden et al., 2006; Niemelä, 1999). 
Also the intense use of areas by humans compromises many field based 
techniques. 
1.2  Characterizing the urban environment 
The process of urbanization can be defined as the conversion of natural 
environments into environments dominated by built structures (Pickett et al., 
2001). Areas undergo three stages in the conversion to urban environments. 
The first stage encompasses a dramatic loss of natural environments, with 
wide scale clearance of native vegetation (Benson, 1991; Sewell and 
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Catterall, 1998). Fragmentation of remaining patches arises, producing 
smaller  isolated islands of natural environments within an often hostile urban 
matrix (Bastin and Thomas, 1999; Echeverría et al., 2007; Fernández-Juricic, 
2000). Finally, remaining vegetation becomes highly modified due to flora 
introductions and human dominated management actions (Faulkner, 2004; 
Lin et al., 2009; Pennington et al., 2010). This urban conversion process 
produces environments that are physically, structurally and aesthetically 
different from original natural systems (McDonnell et al., 2009; McDonnell 
and Pickett, 1990; Medley et al., 1995).  
During urbanization selection processes are not homogenous across the 
landscape. Non-uniform selection pressures result in the production of a 
diverse spectrum of environments, ranging from highly altered urban through 
to natural areass (Grimm et al., 2008; Hahs and McDonnell, 2006; Kowarik, 
2011). Theoretically known as the gradient paradigm, urban systems tend to 
exhibit a highly urbanized core and decreasing human impact with increasing 
distance from the core (McDonnell et al., 2009; McDonnell and Pickett, 1990; 
Medley et al., 1995; Porter et al., 2001). Throughout urban research there 
have been many labels assigned to these zones, for the purpose of this 
study, environments along the gradient will be referred to as urban, urban-
fringe and forest.  
Urban environments are often defined by demographic or landscape 
variables. Urban centers are usually characterized by high population 
densities, with a predominantly urban land cover of buildings, roads and 
other impervious surfaces (Hahs and McDonnell, 2006; McDonnell et al., 
1997; Niemelä, 1999). Remnant patches of native vegetation are small and 
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highly isolated from other remnants with substantially altered vegetation 
composition (Fernández-Juricic, 2000; Jokimäki, 1999; Kühn and Klotz, 
2006; Pennington et al., 2010). At the other end of the spectrum forest 
environments are characterized by low human population densities and few 
built structures (McDonnell et al., 1997). Natural vegetation patches are 
substantially larger (e.g. 500ha), have greater complexity, connectivity and 
lower levels of altered vegetation (Medley et al., 1995),  
1.3  Effect of urbanization on fauna 
Faunal responses to urbanization vary greatly depending on the level of 
urbanization, ecology of the species and their tolerance to disturbance 
(McKinney and Lockwood, 1999). Research investigating the effect of 
urbanization on biodiversity has primarily focused on avian species due to 
their easily identifiable nature (Chace and Walsh, 2006; Garden et al., 2006). 
Extensive research examining the effect of urbanization on avifaunal 
communities has occurred both internationally (Beissinger and Osborne, 
1982; Bhatt and Joshi, 2011; Blair, 1996; Clergeau et al., 1998; Conole and 
Kirkpatrick, 2011; Crooks et al., 2004; Shwartz et al., 2008; van Rensburg et 
al., 2009) and in Australia (Garden et al., 2010; Green, 1984; Palmer et al., 
2008; Trollope et al., 2009; White et al., 2005; White et al., 2009). Research 
on avifaunal communities has highlighted several ecological determinates 
used to assess the value of remnants for biodiversity. 
The importance of a landscape perspective in understanding the value of 
natural remnants for biodiversity in urban environments has been well 
documented (e.g. Clergeau et al., 2001; Morneau et al., 1999; Porter et al., 
2001), however, the value of a remnant natural area depends on the quality 
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of the site and the context of these remnant patches within the greater 
landscape (Pellissier et al., 2012). From a landscape perspective urban 
remnants are smaller, have simplistic geometric shapes, greater edge to 
interior ratios and are isolated from other patches by a harsh urban matrix 
(Echeverría et al., 2007; McDonnell et al., 2009; Medley et al., 1995; Pickett 
et al., 2001). At a site level urban remnants exhibit lower habitat quality with 
less vegetation cover, altered floristic composition and are structurally 
simplistic (Bastin and Thomas, 1999; Faulkner, 2004; Pennington et al., 
2010). Structurally and floristically simplified patches thus sustain highly 
altered avian communities. The overall density of birds may increase with 
moderate urbanization, but the richness, evenness and diversity of avian 
communities’ declines proportionally with increasing urbanization (Bhatt and 
Joshi, 2011; Blair, 1996; Crooks et al., 2004). This trend produces urban bird 
communities that are more homogenous than their natural counterparts, 
containing several, often introduced, dominant species (Conole and 
Kirkpatrick, 2011; Kowarik, 2011; Melles et al., 2003; Shwartz et al., 2008).  
1.4  Urbanization and apex predators  
Apex predators are usually specialist species, with specific ecological and 
dietary requirements, low rates of reproduction, occupying large home 
ranges and often exhibiting extremely low tolerances to disturbance (Randa 
and Yunger, 2006; Thiollay, 2006). The specialized nature of these species 
means that they are extremely vulnerable to habitat loss, fragmentation and 
other forms of habitat modification. Large carnivores, such as the wolf (Canis 
lupus), undergo drastic declines, firstly due to loss of habitat by urban 
development then by active persecution from humans (Randa and Yunger, 
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2006; Vuorisalo et al., 2001). Due to this vulnerability apex predators are 
generally considered urban avoiders (McKinney, 2002).  
Recent evidence, however, suggests that apex predators can inhabit and do 
exhibit various levels of tolerance to urban environments. The coyote (Canis 
latrans), kit fox (Vulpes macrotis), red fox (Vulpes vulpes), striped skunk 
(Mephitis mephitis), raccoon (Procyon lotor) and grey fox (Urocyon 
cinereoargenteus) are just several of the mammalian carnivores that are 
exhibiting tolerance to urban environments in North America (Crooks, 2002; 
Randa and Yunger, 2006). Raptors are another group of apex predators that 
were initially considered vulnerable to habitat loss (Bildstein et al., 1998; 
Evans, 1982). Although some raptor species, such as the northern spotted 
owl (Strix occidentalis caurina) and the sooty owl (Tyto tenebricosa), are 
intolerant of habitat fragmentation and urbanization there is a suite of raptors 
that exhibit varied tolerances to urban environments (Bilney et al., 2006; 
Cook, 1993).  
Some examples of raptor species that are exhibiting a degree of tolerance to 
urban environments worldwide are the great horned owl (Bubo virginianus), 
Swainsons hawk (Buteo swainsoni), western burrowing owl (Athene 
cunnicularia hypugea), peregrine falcon (Falco peregrinus), Mississippi kite 
(Ictinia Mississippiensis), Coopers hawk (Accipiter cooperii), tawny owl (Strix 
aluco), powerful owl (Ninox strenua) and northern goshawk (Accipiter 
gentiles) (Bloom and McCrary, 1996; Boal and Mannan, 1999; Botelho and 
Arrowood, 1996; Cade and Bird, 2004; Cooke et al., 2002a; Kavanagh, 2004; 
Lambert, 1981; Ranazzi et al., 2000; Rutz, 2006). 
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1.5  Factors influencing raptor inhabitancy of urban areas. 
Raptors’ tolerance to urban expansion has been related to various 
environmental attributes present in these urban areas. Examples include 
moderated climates, multiple environments (i.e. highly urban through to 
urban parks), higher and stable prey bases, decreased predation, reduced 
competition, constant water availability and additional artificial nesting 
substrates (Gehlbach, 1996). Stable prey bases, multiple environments, and 
additional nesting structures, collectively or separately, have been implicated 
to drive or influence raptor survival to the greatest degree in urban 
environments (Chace and Walsh, 2006; Gehlbach, 1996). Generalist bird 
species, insects, small mammals and a variety of human commensals are 
tolerant and generally exist at higher densities within urban environments 
providing prey for many raptors (Chace and Walsh, 2006; Green, 1984; 
Savard et al., 2000).  
Urban environments also contain a multitude of environments from the highly 
urban cityscape through to the urban green space irregularly positioned 
within the urban landscape. In urban landscapes raptors use urban parks, 
riparian remnants, zoological gardens, golf courses, private gardens, school 
grounds, hospital grounds, cemeteries, residential estates, backyards and 
cityscapes depending on their thresholds to tolerate disturbance (Boal and 
Mannan, 1998; Botelho and Arrowood, 1996; Cade et al., 1996; Lambert, 
1981; Ranazzi et al., 2000; Rutz, 2006; Varland et al., 1993). Many raptors 
require trees for nesting, however, some raptors have adapted to urban 
environments by using artificial structures for breeding. Power line poles, 
billboards, buildings, bridges, substations, monitoring towers, power plants, 
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boiler towers and a variety of other artificial structures are commonly utilized 
by raptors as nesting sites (Cade and Bird, 2004; Martell et al., 2002; 
Meyburg et al., 1996; Stout et al., 1996).  
Western burrowing owls are regarded as very tolerant to urbanization with 
the ability to inhabit residential areas. In urban environments this species 
exhibits higher population densities, nest densities, and reproductive success 
(Botelho and Arrowood, 1996). Their generalist diet of insects, small 
mammals (bats), reptiles, amphibians and birds, in addition to the ability to 
use burrows for nesting (i.e. culverts, drains, artificial burrows) influences 
their success (Botelho and Arrowood, 1996; Hennermann, 1980). Artificial 
lighting in urban areas also reduces their foraging effort, by attracting high 
densities of prey (Botelho and Arrowood, 1996). Mortality is also decreased 
in urban areas, due to a reduced numbers of predators (Chipman et al., 
2008). 
Great horned owls and Coopers hawks are amongst the most renowned 
North American raptors. These raptors have generalist requirements and the 
capacity to inhabit a broad range of environments (Estes and Mannan, 2003; 
Terejo and Grigera, 1998). The great horned owl is a common dweller of 
urban environments in Connecticut, New Jersey, New York and Seattle, 
inhabiting city and metropolitan parks, zoological gardens and other areas 
associated with open space (Lambert, 1981; Smith et al., 1999). Great 
horned owls will nest in native or non-native trees and may nest in close 
proximity to park edges, main roads and buildings (Smith et al., 1999). In 
parks the great horned owl commonly uses nests abandoned by other raptor 
species (Minor et al., 1993) and in some cases this species has been 
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reported nesting on a variety of artificial structures such as power plants, 
power line structures and substations throughout the United States (Blue, 
1996).     
Coopers hawks generally inhabit high use recreational areas, such as large 
and small parks or golf courses, school grounds, cemeteries and yards of 
residential houses (Boal and Mannan 1998). Coopers hawks predate avian 
species weighing around 70g including doves, starlings, house sparrows and 
other generalist avian species that are available in high densities due to their 
preference for disturbed environments (Boal and Mannan 1998; Boal and 
Mannan 1999; Estes and Mannan 2003; Roth II and Lima 2003). Coopers 
hawks nest in native and exotic trees in urban areas, with recent research on 
this species suggesting that landscape metrics can be used to predict 
suitable nest sites (Ward and Mannan, 2011). This species commences 
nesting earlier, nests at higher densities, and produces larger clutches in 
urban environments (Boal and Mannan, 1998, 1999; Kozu, 2003; Stout and 
Rosenfield, 2010). 
Ospreys utilize and have greater breeding success on artificial structures 
than in natural breeding sites (Chace and Walsh, 2006). In urban 
environments, ospreys use shallow water to forage for fish and artificial 
structures to support large nests (Ewings, 1996; Henny and Kaiser, 1996). 
Osprey numbers have increased in urban environments with use of man-
made structures for nesting (i.e. hydro poles and platforms) and have overall 
higher nesting success (Martell et al., 2002). Artificial breeding structures 
increase reproduction success of the osprey through decreased predation 
with predator access to these sites greatly reduced  (Meyburg et al., 1996). 
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Ospreys nesting on artificial structures in Germany had more pairs that 
succeeded to the egg laying stage, had higher fledgling rates and lower nest 
loss than those breeding on natural substrates (Meyburg et al., 1996). 
1.6  The Powerful owl 
Unlike the northern hemisphere Australia does not have any large 
mammalian predators. The loss of Dingos (Canus lupus dingo) from much of 
south-east Australia has produced a gap in apex predators (Letnic et al., 
2012). This has resulted in exotic predators such as the red fox and feral cat 
(Felis catis), in addition to native raptors such as the powerful owl becoming 
Australia's dominant apex predators. The powerful owl, is distributed along 
the southeast coast of Australia from Cathu State Forest in Queensland, to 
the shared Victorian/South Australian border (Eyre, 1996). Nationally the 
powerful owl is listed as of least concern (Garnett and Crowley, 2000), but is 
vulnerable within Victoria (Department of Sustainability and Environment, 
2003) and threatened in the Greater Melbourne area (Mansergh et al., 1989). 
Victoria has been estimated to have as few as 500 pairs remaining across 
the state (Garnett and Crowley, 2000). 
The powerful owl is Australia's largest owl, weighing up to 1700g, with a 
height of up to 65cm (Higgins, 1999). Males and females are often 
indistinguishable by plumage colouration; however, females are usually 
slightly smaller, with a more rounded head. Distinguishing features of this 
species are their golden eyes and yellow feet. Juvenile powerful owls are 
easily distinguished from adults by colouration  (Higgins, 1999) (Figure 1.1).   
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Figure 1.1. Differences in powerful owl colouration between adults and 
juveniles. Picture a represents an adult female powerful owl (Fiona Hogan) 
and picture b represents a fledged juvenile powerful owl. Both photos were 
taken at Warrandyte, Victoria, Australia.    
 
This species was initially perceived as a habitat specialist, requiring 
continuous tracts of old growth or mature forest to support its ecological 
requirements (Debus and Chafer, 1994; McNabb, 1996). Home-range 
estimates for this species, based on the distance between calling pairs and 
radio-tracking, are highly variable ranging from around 400ha to 3260ha 
(Garnett, 1992; Soderquist, 1999). Powerful owls primarily consume medium 
sized arboreal mammals with insects, flying foxes and birds identified as 
secondary prey items (Kavanagh, 2002; Lavazanian et al., 1994; Pavey, 
1995; Wallis et al., 1998). It is estimated that a single powerful owl will 
usually consume between 80 and 100 arboreal marsupials per year, while a 
breeding pair can consume up to 250 per year (Higgins, 1999). This species 
a. b. 
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is considered a dietary generalist with dietary composition varying by site and 
season (Cooke et al., 2006).  
Two other key resources for powerful owls species are roosting and nesting 
sites. Powerful owls require many roost sites within an area to account for 
varying weather conditions (Cooke et al., 2002b). Common roost trees 
utilized by this species in urban environments include native tea-trees 
(Leptospermum spp.), eucalypts (Eucalyptus spp.) and wattles (Acacia spp.) 
(Tilley, 1982). As an obligate tree hollow nesting species, the powerful owl 
requires large old eucalypts to produce tree hollows with suitable dimensions 
for breeding (Garnett, 1992; McNabb, 1996). The powerful owl is a winter 
breeder, usually laying two eggs in May or June (Debus and Chafer, 1994; 
McNabb, 1996). The female is responsible for incubation only leaving the 
nest to feed and bathe, with incubation lasting approximately 38 days 
(Higgins, 1999; Pavey, 1994; Traill, 1993). Fledging occurs around 55 days 
after hatching but juveniles will remain in the natal territory until January or 
February then disperse thus allowing adults to regain optimum condition 
before the next breeding season (McNabb, 1996; Schodde, 1980). 
Although originally perceived as a habitat specialist recent studies have 
indicated that the powerful owl is tolerant to some levels of urbanization 
inhabiting urban bushland remnants in close proximity to major  Australian 
cities (Cooke et al., 2006; Kavanagh, 2004; Pavey, 1993). In Greater 
Melbourne these remnants range from fairly natural dry sclerophyll forest 
remnants through to extensively disturbed riparian parklands (Cooke et al., 
2002b). In urban environments powerful owl diets are less diverse, consisting 
primarily of the common ringtail possum (Pseudocheirus peregrinus) and 
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common brushtail possum (Trichosaurus vulpecula) (hereby referred to as 
ringtail and brushtail possums)  (Cooke et al., 2006; Webster et al., 1999). 
Although powerful owls have bred in urban-fringe environments there has 
been limited breeding success in highly urbanized environments (Cooke and 
Wallis, 2004). 
1.7  Sources, sinks and ecological traps 
Aspects of urban environments such as increased and stable prey densities, 
and artificial structures have allowed raptors to traverse into urban 
environments, but urban environments still create issues for raptors (Chace 
and Walsh, 2006; Ewings, 1996; Parker, 1996). In some instances urban 
environments do not contain the full complement of resources for a species, 
instead exhibiting one or two key resources.  
Source habitats are those that are able to produce stable populations through 
balanced immigration/emigration and fecundity/mortality (Fryxell, 2001; 
Pulliam, 1988; Watkinson and Sutherland, 1995). With increased human 
modification, environments become fragmented with composition altered to 
include sub-optimal patches of habitat. In the presence of sub-optimal 
patches demographic sinks can occur, in that an animal will settle in a sub-
optimal or sink habitat after higher quality habitats are taken (Battin, 2004; 
Tozer et al., 2012). Demographic sinks are unstable populations that require 
constant immigration from sources to maintain population numbers (Fryxell, 
2001; Pulliam, 1988). Alternatively, ecological traps occur when an animal 
makes a maladaptive choices to settle in poor quality habitats, even though 
good quality habitat is available (Battin, 2004; Tozer et al., 2012). While this 
maladaptive choice  may have no effect on the animal during settlement it 
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has ramifications for future survival, reproduction and overall fitness (Kriska 
et al., 1998; Remes, 2003; Witherington, 1997). Therefore, it is paramount 
that the factors driving raptors to utilize urban environments are well 
understood and threats are reduced. Only through long-term conservation of 
these charismatic species, can their persistence in human modified 
environments be ensured.   
1.8  Thesis aims and structure   
This thesis aims to identify key characteristics influencing the spatial ecology 
of the powerful owl across an urban to forest gradient and how environment 
suitability is influenced by increasing urbanization levels. 
We used GIS and presence only modelling approaches in chapter two  in 
order to compare known powerful owl presences with landscape based 
ecological attributes to determine what factors are driving the presence of 
this species throughout the landscape. These ecological factors will then be 
used to develop a model to predict environment suitability for the powerful 
owl across an urban to forest gradient, and thus determine the response of 
the powerful owl to varying levels of urbanization. 
Chapter three will investigate whether habitat suitability for arboreal 
marsupials varies across the urbanization gradient in relation to their 
respective disturbance tolerances. It will also determine whether urbanization 
is leading to biotic homogenization of arboreal marsupials.  
As an obligate tree hollow nesting species the powerful owl requires large 
hollow bearing trees for breeding. Chapter four thus investigates the 
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presence of hollow bearing trees for the powerful owl and its main prey 
source and whether this varies in response to an urbanization gradient.  
Chapter five uses the critical resources produced in chapters three (arboreal 
marsupials) and four (tree hollows) to determine how resource availability 
and limitations influence habitat suitability for the powerful owl. Completed in 
the GIS platform, site suitability analysis will be used to determine whether 
increases in urbanization are potentially producing ecological traps for the 
powerful owl.  
To conclude, chapter six provides a discussion and synthesis of the 
research. In this chapter species distribution modelling and the limitations 
associated with modelling is discussed. The prominent findings and 
implications for future management are presented.  
  
 
Chapter 2:  
 
Forest to urban gradients: response of a cryptic apex 
predator 
 
This chapter has been submitted for publication as: 
 
Isaac, B., White, J., Ierodiaconou, D., Cooke, R., (under review). Forest to 
urban gradients: response of a cryptic apex predator. Ecology and Evolution. 
 
 
 
 
Male powerful owl - Warrandyte State Park, Victoria, Australia. 
 
Each species on our planet plays a role in the healthy functioning                           
of natural ecosystems, on which humans depend.                                        
~ William H. Schlesinger, 2007 ~
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2.1 Introduction 
Extensive and rapid urbanization has caused substantial declines in 
biodiversity globally, with future increases in urbanization forecasted 
(McKinney, 2006; United Nations, 2010). In conjunction with increasing 
urbanization responses of faunal communities generally include range 
expansion and increased densities of generalist species, range reduction of 
specialist fauna and declines in species richness that lead to homogenized 
faunal communities with a few highly abundant species (Beissinger and 
Osborne, 1982; Blair, 1996; Chace and Walsh, 2006; Kowarik, 2011; 
McKinney, 2002; Savard et al., 2000). Responses, however are species 
specific and depend on species' tolerance thresholds to anthropogenic 
change (McKinney, 2006).  
The response of bird communities to increases in urbanization is readily 
available, with avian species easily observed in urban environments (Carbó-
Ramírez and Zuria, 2011; Crooks et al., 2004; Green, 1984; White et al., 
2005). In contrast, fewer studies demonstrate apex predators response to 
urbanization gradients (Atwood et al., 2004; Sorace and Gustin, 2009; Symes 
and Kruger, 2012). This lack of knowledge on apex predators is due largely 
to their occurrence at low abundances, large spatial requirements and the 
fact that they often exhibit cryptic behaviours which results in poor detection 
(Crooks, 2002; Linkie et al., 2006; Randa and Yunger, 2006; Santos et al., 
2006). 
Apex predators, through predation and competition, have the potential to 
produce strong top-down influences on communities, acting as regulating 
mechanisms for lower trophic levels (Letnic and Koch, 2010; Miller et al., 
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2012; Wallach et al., 2009). Declines or extinction of apex predators, 
therefore, results in a release of the top-down controls on mesopredators and 
herbivores, potentially initiating a cascade of secondary extinctions (Borrvall 
and Ebenman, 2006; Letnic et al., 2012; Ritchie and Johnson, 2009). 
With the ecological importance of apex predators and forecasted urban 
expansion, techniques to investigate impacts of urbanization gradients on low 
density, cryptic predators are a necessity. Species distribution modelling 
(SDM) is a technique used to analyse the relationship between individual or 
multiple species and surrounding spatial or environmental characteristics 
(Elith et al., 2006; Elith and Leathwick, 2009; Guisan and Zimmermann, 
2000; Jiménez-Valverde et al., 2007; Razgour et al., 2011; Traill and Bigalke, 
2007; Wintle et al., 2005). A major limitation with many predictive models, 
however, is the requirement for species absence data.  The collection of real 
absence data can be extremely challenging, especially when the target 
species occurs at low densities, is highly mobile, cryptic or often elusive thus 
resulting in very low detection probabilities (Linkie et al., 2006; Santos et al., 
2006; Wintle et al., 2005).  
One partial solution to this conundrum are presence only modelling 
approaches that use comprehensive and easily accessible presence data 
sets, often collated by museums or government agencies (Elith et al., 2011; 
Graham et al., 2004; Huettmann, 2005). Many presence only modelling 
approaches are currently available, however, Maxent has repeatedly 
outperformed other presence only modelling techniques and has been used 
for a plethora of organisms across varying spatial extents and within many 
disciplines (i.e. biological invasions, evolution, ecology, conservation) (Elith et 
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al., 2006; Elith et al., 2011; Lamb et al., 2008; Monterroso et al., 2009; Ward, 
2007; Young et al., 2009). Maxent is particularly beneficial in the case of rare 
or cryptic species where a limited number of occurrence records are 
available, making it relevant for examining apex predators (Papeş and 
Gaubert, 2007; Pearson et al., 2007; Wisz et al., 2008).   
The powerful owl, one of Australia’s apex predators, was originally perceived 
as dependent on old growth and continuous forests (Debus and Chafer, 
1994). Recent research, however, indicates that powerful owls have some 
tolerance to urbanization processes, inhabiting urban bushlands in close 
proximity to urban centers of Australia including Melbourne (Cooke et al., 
2006; Isaac et al., 2008), Sydney (Kavanagh, 2004) and Brisbane (Pavey, 
1993). The cryptic nature of the powerful owl, its high mobility and reluctance  
to respond to playback, however, often impedes research on this species. In 
south-eastern Australia, Wintle et al. (2005) suggests that to be 90% 
confident that powerful owls are absent, a site needs to be surveyed on 18 
separate occasions. As 18 visits to a given site is usually unfeasible, 
research on the spatial distribution of the powerful owl has been scarce, in 
turn limiting knowledge on responses to landscape scale degradation 
processes.  
As an apex predator the powerful owl could potentially act as an umbrella 
species given its extensive resource and spatial requirements. Umbrella 
species are species whose conservation provides protection to co-occurring 
less resource demanding species (Roberge and Angelstam, 2004). We posit 
that powerful owl habitat requirements may offer a sensible approach to 
biodiversity conservation within urban environments. 
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We used a presence only modelling approach, and incorporated both field 
and atlas data, to examine how an apex predator, the powerful owl, responds 
to an urbanization gradient. Understanding how this species responds to 
urbanization can be established by identifying the ecological variables driving 
this species' use of environments at a landscape level and determining how 
habitat suitability for this species varies across an urban to forest gradient.  
2.2 Methods 
2.2.1 Study site 
The modelling study site was located in south-eastern Victoria, Australia and 
covered approximately 372,136 ha. The study area represented an urban to 
forest gradient. Urban to urban-fringe and urban-fringe to forest boundaries 
were established with the land cover layer we derived from SPOT 10 imagery 
(Systèm Pour l'Observation de la Terre) (Figure 1). Areas closest to 
Melbourne were predominantly urban, characterized by lower tree cover and 
higher proportions of impervious surfaces. Urbanization declines with 
distance from Melbourne, producing a transitional environment referred to 
here as the urban-fringe. Furthest from Melbourne were forested 
environments with higher proportions of tree cover and lower proportions of 
impervious surfaces (Figure 2.1). 
2.2.2 Collection of species data 
 
Over 250 parks and reserves were visited between 2006 and 2010 across 
the urban to forest gradient for the purposes of powerful owl detection. We 
sampled each site on several occasions with playback of recorded powerful 
owl calls. From playback 50 powerful owl presences were established across 
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the gradient. These field collected data were supplemented with presences 
from the Department of Sustainability and the Environment (DSE) Atlas of 
Wildlife and Birdlife Australia (BA) Atlas.     
To ensure that bias due to historical environmental change was minimized 
only observational data between 1997 and 2011 was selected. To maintain 
maximum reliability in observational data, all atlas records were restricted to 
entries confirmed or accepted by the governing body. A total of 1312 
powerful owl observational records between 1997 and 2011 were obtained 
from fieldwork and atlas data. ArcGIS 10.0 (Environmental Systems 
Reasearch Institute, 2010) was used to remove duplicate presence records 
creating a point layer with one presence point per 20m x 20m. This produced 
683 independent presence records for modelling.  
 
 
Figure 2.1. Urban to forest gradient in south eastern Australia used for modelling 
habitat suitability for the powerful owl. Other land cover is predominantly agriculture 
and other grassed environments, with interspersed rivers and water bodies. 
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2.2.3 Accounting for sample selection bias  
A chi-square goodness of fit test was completed in IBM SPSS statistics 20.0 
(IBM Corp, 2011) to established whether presence data were spatially 
skewed across the urban to forest gradient. The number of presences in 
each zone  was compared to the ratio of land area in each section of the 
zone. One of the limitations associated with presence-only data and 
presence-only models is sample selection bias (Elith et al., 2011; Phillips et 
al., 2009). Sample selection bias is where sections of the landscape are 
surveyed disproportionately, due to factors such as accessibility (Guisan et 
al., 2006; Jiménez-Valverde and Lobo, 2006; Phillips et al., 2009; Wintle et 
al., 2005).  
Sample selection bias in the powerful owl dataset was accounted for by 
collecting records for all vertebrate terrestrial species across the given study 
site from the DSE Atlas of Wildlife and the BA Atlas between 1997 and 2011. 
This provides an indication of sampling bias across the landscape. A bias 
layer was derived by determining 1/euclidean distance to all vertebrate 
terrestrial presence points. This bias layer was included in the modelling 
process to correct for sample bias.  
2.2.4 Eco-geographical variables 
Eco-geographical variables (EGVs) were derived based on a priori 
knowledge of the species ecology, with tree cover, gullies and water sources 
previously cited as important ecological characteristics for the powerful owl 
(Cooke et al., 2002b; Debus and Chafer, 1994; Isaac et al., 2008; Kavanagh, 
2004; Kavanagh and Peake, 1993; Loyn et al., 2001; McNabb, 1996). Layers  
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produced for modelling included: lineal density of ephemeral rivers, 
permanent rivers, rivers and roads, tree cover, riparian vegetation, euclidean 
distance to riparian vegetation, slope position classification (SPC), 
normalised difference vegetation index (NDVI), and land cover (Table 2.1). 
The NDVI and land cover layers were derived from SPOT10 satellite imagery 
(Appendix 1). EGVs had a spatial resolution of 20mx20m and were broadly 
classified as ecological, geographic and anthropogenic. 
2.2.5 Model building and evaluation 
Before modelling, ENM tools (version 1.3; Warren et al. 2010) was utilized to 
determine the correlation between model EGVs. Eco-geographical variables 
were considered highly correlated if R²≥0.75. When this occurred, we 
retained the eco-geographical variable judged to be the most biologically 
relevant for subsequent modelling. We used Maxent (version 3.3.3; Phillips et 
al. 2006) to establish presence-only species distribution models (SDM's) for 
the powerful owl. Maxent, a machine learning process, determines the spatial 
probability distribution of a species based on association between presences 
and eco-geographical data (Elith et al., 2011; Phillips et al., 2006; Phillips and 
Dudík, 2008; Phillips et al., 2004). 
A machine learning process, Maxent determines a spatial probability 
distribution based on association between presences. We ran all models with 
default settings, but incorporated 5000 iterations rather than the default 500 
iterations. Twenty replications of each model were run, with random selection 
partitioning the data 75% to 25% per run, where 75% of the data was used to 
train the model and the remaining 25% for testing. Each model was run at 
varying  regularization  beta-multipliers  of 0.5, 1, 2, 3, 4 and 5  to gauge the  
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Table 2.1. Original and derived eco-geographical variables for modelling the powerful owl 
Derived Layer/s Variable 
Type 
Data Type Categories Layer /Data Source 
Lineal density of rivers 
Lineal density of ephemeral rivers  
Lineal density of permanent rivers 
E 
E 
E 
Continuous 
Continuous 
Continuous 
-- 
-- 
-- 
Rivers  - VICMAP (HYDRO25)  
 
Lineal density of roads A Continuous -- Roads - VICMAP (VMTRANS) 
Euclidean distance to riparian vegetation  
Riparian vegetation 
E 
E 
Continuous 
Categorical  
 
-- 
 Present 
 Absent 
Ecological Vegetation Classes -
(EVC)NV2005_EVCBCS Department of 
Sustainability and Environment. 
Normalised Difference Vegetation Index (NDVI) 
Land cover 
A,E 
A,E 
Continuous 
Categorical 
-- 
Impervious surfaces 
Vegetation 
Grass/agriculture 
Rivers 
Water bodies 
SPOT 10 Imagery - SPOT10  
(Systèm Pour l'Observation de la Terre) 
Slope position classification (SPC) G Categorical 
 
Ridge  
Upper slope  
Middle slope  
Flat slope  
Lower slope  
Valley 
Digital Terrain Model (DTM) 20m - VICMAP 
Tree cover density E Categorical  
 
Dense (>80% crown cover density) 
Moderate (50-80% crown cover density) 
Scattered (10-50% crown cover density) 
None (<10% crown cover density) 
Tree Cover Density (percent cover) -VICMAP 
(TREEDEN25) 
Variable type E equates to an ecological variable, Variable type A equates to an anthropogenic variable, Variable type G equates to a geographical variable. 
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effects of model complexity and all models were run with or without the bias 
layer. A total of 12 different models were run for the powerful owl. 
Model fit was ascertained by the area under the receiver operator curve 
(Jiménez-Valverde, 2012). ENM tools (Warren et al., 2010; Warren and 
Seifert, 2011) were used to evaluate models with the highest  AUC scores 
ENM tools produced Akaike Information Criterion (AICc) scores for all 
models, and the model with the lowest AICc score was selected as the best 
fit, or most parsimonious model. The best habitat suitability model was 
transferred back into ArcGIS for application of a threshold. Logistic habitat 
suitability maps have a scale ranging from 0 to 100, where 0 equates to 
areas of no potential habitat for the species through to 100 or potentially 
optimal habitat. For conservation purposes the 10th percentile threshold was 
applied forming a binary map. This threshold is commonly used in SDM's due 
to its conservative nature which produces more ecologically applicable 
results (Razgour et al., 2011; Redon and Laque, 2010).   
2.2.6 Impact of urbanization  
Proportional analysis for urban, urban-fringe and forest environments was 
completed in ArcGIS 10.0. Proportional analysis was used to establish the 
impact of the urbanization gradient on potential habitat. A total of 75 1km x 
1km (area=100ha) sites were established, 25 within each zone along the 
gradient. In each sample site the proportion of potential habitat for the 
powerful owl was calculated. 
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ANOVAs were completed in IBM SPSS statistics 20.0 to examine whether a 
difference occurred in the availability of potential habitat across the urban to 
forest gradient. A significance level of 0.05 was used. Tukeys’ Post-hoc test 
was used to identify homogenous subsets.  
2.3 Results 
2.3.1 Presence data distribution 
The distribution of powerful owl presences were not uniform across the urban 
to forest gradient (X2=147.15, df=2, p<0.001). More than expected points 
were located within the urban-fringe (urban-fringe: residial 148.6), and the 
forest position along the gradient contained fewer than expected points 
(forest: residual -119.0) (Figure 2.2). Prior research on various species has 
indicated that accessibility impacts on the presence data available for a given 
area (Elith et al., 2006; Elith et al., 2011). Our data is consistent with prior 
research suggesting that presence locations for the powerful owl occur more 
frequently in accessible areas such as the urban-fringe zones. Or 
alternatively powerful owls could be indicating a preference to edge habitats 
that occur within the urban-fringe 
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Figure 2.2. Distribution of powerful owl presence locations across the urban to forest 
gradient. Light grey bars represent observed number of presences while dark grey 
bars represent the expected numbers based on the area available within each zone. 
 
2.3.2 Habitat suitability models and evaluation 
Twelve models were produced for the powerful owl with AUC's ranging from 
0.78 to 0.80. The most parsimonious habitat suitability model for the powerful 
owl, as defined by the lowest AICc values, had a Maxent regularisation beta-
multiplier of 0.5 and did not include the bias file. The best model had a very 
good fit with AUCtrain=0.840 and AUCtest=0.801 (Figure 2.3).  
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Figure 2.3. Habitat suitability map for the powerful owl over an urban to forest 
gradient in south eastern Australia based on Maxent model predictions. Lighter 
areas represent potential habitat and dark grey represent no potential habitat. The 
constant black line represents the urban to urban-fringe boundary, while the dashed 
black line highlights the urban-fringe to forest boundary. 
 
Several of the EGVs were highly correlated (R² ≥ 0.75). Lineal density of 
ephemeral rivers was highly correlated with both the lineal density of roads 
(R²=0.75) and lineal density of rivers (R²=1.00). Lineal density of rivers was 
also highly correlated with lineal density of roads (R²=0.75) (Appendix 2, 
Table 2.1). Due to these correlations, lineal density of rivers and roads were 
not used in the model. 
Hence from the 10 EVGs produced only eight were used to model powerful 
owl distribution (land cover, NDVI, SPC, tree cover, euclidean distance to 
riparian vegetation, riparian vegetation, lineal density of ephemeral and 
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permanent rivers). The first three variables of land cover, lineal density of 
ephemeral rivers and NDVI contributed 63.7% of the model performance. 
Land cover was the most important contributing variable when used in 
isolation (25.1%), although the variable contributing the most unique 
information was lineal density of ephemeral rivers (19.1%). 
Powerful owls, according to the above model, have a higher probability of 
occurring within vegetated environments (tree component of land cover, tree 
cover and high NDVI values) (Appendix 2, Figure 2.1a-b). In particular 
riparian vegetation is important, with the occurrence of the powerful owl 
declining with distance from riparian vegetation. A sharp drop decline in 
occurrence for this species can be seen at 4.5km away from riparian 
vegetation (Appendix 2.1, Figure c). In general, the presence of rivers and 
water bodies had a positive influence on powerful owl occurrence, but lineal 
density of ephemeral and permanent rivers also affects probability of 
powerful owl occurrence. Areas containing lower ephemeral river densities 
(Appendix 2.1, Figure d) and intermediate lineal densities of permanent rivers 
result in higher probabilities of this species occurrence.  
2.3.3 Impact of urbanization on potential habitat availability. 
From analysis of the 75 sites the proportion of potential habitat for the 
powerful owl varied between urban, urban-fringe and forest environments 
(F2,72=127.06, p<0.001). Proportions of potential habitat were highest in 
forest at 76.21% (Tukey>0.05), followed by urban-fringe with 59.16% 
(Tukey>0.05) and lowest in urban environments with 20.67% (Tukey<0.05) 
(Figure 2.4).  
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Figure 2.4. Proportion of potential habitat (mean ± 1.96 SE) in urban, urban-fringe 
and forest zones for the powerful owl. 
 
Urban to forest gradient comparisons confirmed that forest and urban-fringe 
environments provide the greatest amount of potential habitat, while urban 
areas contributed limited levels of potential habitat for this apex predator 
suggesting a decline in habitat suitability as urbanization intensifies. 
2.4 Discussion 
Research on apex predators response to urbanization, and in turn 
urbanization gradients, has been restricted due to the spatial, temporal and 
financial limitations associated with examining predators over large spatial 
scales (Crooks, 2002; Grubbs and Krausman, 2009; Randa and Yunger, 
2006; Sargeant et al., 1998). This study determined patterns in habitat 
suitability for an apex predator, the powerful owl, over a gradient of 
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urbanization and also identified the key EGVs driving habitat suitability for the 
powerful owl.  
2.4.1 Role of EGVs 
The spatial relationship between species and environmental variables has 
become a central paradigm across multiple disciplines (Elith and Leathwick, 
2009; Elith et al., 2011). Tree cover and water sources have been identified 
as ecologically important to this species in prior research across the east 
coast of Australia (Eyre, 1996; Isaac et al., 2008; Kavanagh, 2004; Kavanagh 
and Peake, 1993; Loyn et al., 2001; Pavey, 1994). This study, however, has 
identified the importance of newly derived ecological variables (e.g. land 
cover, NDVI) and threshold responses to individual variables.  
In this model land cover, in particular tree cover, rivers and water was a 
pivotal variable discerning the distribution of the powerful owl. Higher 
greenness values contributed to the distribution of the powerful owl and were 
a newly derived layer from SPOT 10 satellite imagery. These values are an 
indication of relative plant biomass, and from our ground truthing strong 
returns are indicative of denser canopied tree cover.  
Worldwide, the maintenance and restoration of riparian environments has 
been linked with conservation of species and biodiversity (Dallimer et al., 
2012; Rottenborn, 1999; Trollope et al., 2009). The powerful owl was 
influenced by riparian vegetation, with increased distance from riparian 
vegetation associated with a decline in predicted occurrence. Powerful owl 
occurrence was highest within 4.5 km of riparian vegetation, further 
highlighting the importance of riparian vegetation for this species. This trend  
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may be linked to riparian systems being resource rich environments (e.g. 
prey and roosting/denning) (Gillies and St Claire, 2008; Lees and Peres, 
2008; Miller et al., 2003; Trollope et al., 2009). In urban areas much of the 
potential habitat is situated in proximity to riparian vegetation. 
 While the presence or absence of water has an effect on this species, the 
lineal density of rivers, both ephemeral and permanent influenced the 
powerful owls occurrence. Although this species connection with water 
sources has been identified, its dependence on these areas in more 
urbanized environments may be a response to these areas remaining 
vegetated, due to protection from clearing. 
2.4.2 Role of the gradient 
Urban environments usually vary structurally, compositionally and 
functionally from original natural systems (Bridgeman et al., 2000; McDonnell 
and Pickett, 1990). Urbanization results in wide-scale clearance of native 
vegetation, while ongoing human alteration causes remnant vegetation to be 
altered in size, shape, structure and function (Fernández-Juricic, 2000). 
These smaller, highly altered remnants are also isolated within the urban 
matrix (Niemelä, 1999; Sewell and Catterall, 1998).  
Urbanization has benefited many generalist species by producing a variety of 
new environments. The sometimes considerable negative impact of 
urbanization on apex predators, however, has been attributed to their 
requirements for large-home ranges, existing at low population densities, with 
low reproductive rates and being subjected to anthropocentric persecution 
(Berry et al., 1998; Crooks, 2002; Randa and Yunger, 2006).  
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These characteristics suggest that many apex predators would exhibit a 
threshold response in relation to increasing urbanization.  Most apex 
predators would be likely to retain stable levels or show slight declines in 
relation to low levels of urbanization. Increased levels of urbanization, with 
reduction and further isolation in suitable environments are likely to result in 
rapid declines of apex predators as they reach critical thresholds, as shown 
in lower trophic species (Bosakowski and Smith, 1997; Brearley et al., 2010; 
Buckmaster et al., 2010; Ordeñana et al., 2010; Palomino and Carrascal, 
2007; Radford and Bennett, 2004; Radford et al., 2005).  
This research highlights that, as an apex predator, the powerful owl is 
somewhat of a generalist in its habitat requirements, with an ability to adapt 
to minor environmental changes within the study area. This conforms to 
recent powerful owl research that suggests powerful owls are more tolerant 
in their habitat use than traditionally perceived (Cooke and Wallis, 2004; 
Cooke et al., 2002b; Isaac et al., 2008; Kavanagh, 2004). Habitat suitability 
for the powerful owl is not uniform in response to increasing levels of 
urbanization. 
Forest and urban-fringe areas respectively, had the highest proportion of 
potential habitat while urban areas contributed limited potential habitat. The 
powerful owl, like many apex predators, is highly mobile, being able to move 
between patches, however, to support this species’ ecological requirements 
for roosting, foraging, nesting and dispersal a large home-range is required. 
An average home-range for a breeding pair of powerful owls is 800ha to 
1000ha (Debus and Chafer, 1994; Schodde, 1980), however, in 
environments with highly altered floristic structure powerful owl home-ranges 
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can exceed 1500ha (Higgins, 1999; Soderquist, 1999; Soderquist et al., 
2002).  
It appears that forest and urban-fringe environments contain sufficient 
potential habitat in line with this species' requirements for foraging, roosting 
and nesting, in addition to the high connectivity required for daily movements 
and dispersal (Chace and Walsh, 2006; Cooke et al., 2006; Palomino and 
Carrascal, 2007). The urban component of the gradient, however, is 
providing limited and highly scattered amounts of potential habitat for the 
powerful owl. Movement between these smaller, less structurally diverse 
patches may in turn increase the likelihood of mortality via electrocution, 
collisions persecution and poisoning (Chace and Walsh, 2006). The powerful 
owl, therefore, follows a curvilinear/threshold relationship in response to 
urbanization, commonly exhibited by apex predators. This critical threshold 
for the powerful owl is therefore likely to be linked to patch size and 
configuration.  
2.4.3 Conservation and future management 
As an apex predator that utilizes riparian systems, has a large home-range 
and specific resource requirements (e.g. large tree hollows and roosts) the 
powerful owl may provide urban managers with an effective tool for 
conserving lower trophic species throughout the urban to forest gradient. 
Although ecological models often focus on single species, conservation 
efforts, due to time and money constraints need to be multifaceted. 
Restoration and conservation strategies therefore need to incorporate key 
ecological characteristics to promote biodiversity conservation and 
improvement in a given area.  This can be achieved by the use of surrogates 
 Apex predators 
 
33 
 
that act as umbrella species. Given that the powerful owl has relatively high 
resource and spatial requirements there is a potential for this species to act 
as an umbrella species, to other species inhabiting similar environments.  
A sensible approach to management of the urban environment may be to use 
the powerful owls ecological requirements as a focus for conservation and 
planning. Managing for key areas and attributes across the gradient should 
confer protection for less resource hungry species. 
  
 
Chapter 3: 
 
Biotic homogenization of arboreal marsupials along an 
urban to forest gradient 
 
This chapter has been submitted for publication as: 
 
Isaac, B., White, J., Ierodiaconou, D., Cooke, R., (under review). Biotic 
homogenization of arboreal marsupials along an urban to forest gradient. 
Landscape and Urban Planning. 
 
 
 
 
Male powerful owl - Shepherds Bush, Victoria, Australia. 
Nature provides a free lunch, but only if we control our appetites.                            
~ William Ruckelshaus, 1990 
 Arboreal Marsupials 
 
34 
 
3.1 Introduction 
Arboreal marsupials are functionally important in Australian environments, 
providing ecosystem services such as pollination, fertilization of soils and 
transportation of seeds (Beyer and Goldingay, 2006). They also contribute to 
trophic structuring by regulating invertebrates and floral populations and 
providing  a prey resource for higher order carnivores (Beyer and Goldingay, 
2006; Lavazanian et al., 1994).  
Thirteen species of arboreal marsupials inhabit Victoria, Australia and their 
individual susceptibility to levels of anthropogenic disturbance is likely to be 
linked to their ecological requirements. The majority of arboreal marsupials 
are dependent on natural environments such as forests and woodlands 
largely because they are obligate cavity nesters and/or depend on specific 
forest resources (Beyer and Goldingay, 2006). The greater glider 
(Petauroides volans), mountain brushtail possum (Trichosaurus 
cunninghami) and yellow-bellied glider (Petaurus australis) are three species 
that are confined to wetter, taller continuous tracts of forests (Lindenmayer et 
al., 2000; van der Ree et al., 2004). These three species are highly 
susceptible to anthropogenic impacts because they require tree hollows and 
cavities for breeding, exist at low densities, have large spatial requirements, 
relatively low  fecundity, and specialist foraging requirements (Bennett et al., 
1991; Carthew et al., 1999; Eyre, 2006; Lindenmayer et al., 1995; 
Lindenmayer et al., 2009a; Nelson et al., 1996; Wormington et al., 2002).   
The sugar glider (Petaurus breviceps) is less susceptible to anthropogenic 
impacts, inhabiting forest, agricultural roadsides and some suburban areas  
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(Menkhorst and Loyn, 2011). This species has been associated with mixed 
multi-stand forest types with sufficient canopy cover (Bennett et al., 1991; 
Suckling, 1984; Wormington et al., 2002). Sugar gliders are highly dependent 
on sap trees for foraging and hollow bearing trees or cavities for nesting, 
however, the sugar glider will utilize nest boxes in the absence of suitable 
tree hollows (Irvine and Bender, 1997; Suckling and Macfarlane, 1983; 
Wormington et al., 2002). 
Conversely, the ringtail and brushtail possums are two arboreal marsupials 
that can be classified as opportunistic species. Ringtail and brushtail 
possums have the largest distribution of arboreal marsupials in Australia and 
inhabit a range of environments from forests and woodlands to urban parks 
and streetscapes (How and Kerle, 1995; Kerle, 2001). Their widescale 
distribution may be associated with flexibility in their den sites and a relatively 
broad diet (Harper et al., 2008; Menkhorst and Loyn, 2011; Pahl, 1984; 
Thomson and Owen, 1964).   
Anthropogenic impacts on biodiversity have been widespread and diverse. Of 
the many types of anthropogenic disturbance, urbanization, due to its 
intensity, degree of change to the landscape and magnitude is considered 
the most detrimental to biodiversity (McKinney, 2002). Worldwide, urban 
environments are similar in structure and function due primarily to similar 
selection pressures, produced by a narrow set of human requirements 
(Marzluff and Ewing, 2001; McKinney, 2006).  
Urban environments generally contain smaller patches of remnant 
vegetation, highly isolated from each other by an often hostile matrix making 
them susceptible to significant edge effects (Fernández-Juricic, 2000; Magle 
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et al., 2012; McDonnell et al., 2009; Savard et al., 2000). These patches 
rarely contain the full complement of floral and faunal communities present in 
natural environments and are susceptible to invasion by non-native species 
(Chace and Walsh, 2006; McDonnell et al., 2009; Melles et al., 2003; 
Zipperer et al., 1997). As urbanization intensifies there is generally a 
decrease in the abundance of specialist species, in conjunction with 
increased abundances and range expansion of generalist species, resulting 
in biotic homogenization (Kark et al., 2007; Kühn and Klotz, 2006; van 
Rensburg et al., 2009). The process of biotic homogenization has been 
documented in cities across the world and in numerous taxa. 
Research into the effect of anthropogenic disturbance on arboreal marsupials 
has been primarily focused on how arboreal marsupials respond to 
anthropocentric impacts in forested areas in addition to persistence in patchy 
agricultural and urban environments (Harper et al., 2005, 2008; Lindenmayer 
et al., 1997b; Paull and Kerle, 2004; Soderquist and Mac Nally, 2000; 
Suckling, 1984). There has been extremely limited investigation of how 
arboreal marsupials respond to a gradient of urbanization. Prior research on 
arboreal marsupials suggests that their tolerance to anthropogenic 
disturbance is linked to patch metrics, habitat structure, food and denning 
availability (Kavanagh and Wheeler, 2004; Martin et al., 2007; Wormington et 
al., 2002). Complex environments, providing structurally diverse vegetation 
with well-established canopies and native flowering understories will 
potentially produce diverse arboreal marsupial communities. As the 
complexity of the system declines there is often a change in the diversity of 
arboreal marsupial communities. 
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Based on this a priori knowledge landscape composition, in particular tree 
cover and canopy cover are likely to be key attributes driving the occurrence 
of species sensitive to anthropogenic disturbance. Where tree cover and 
canopy connectivity decline we would expect to see disturbance sensitive 
species decline and disappear from the arboreal marsupial community. 
Arboreal marsupials with some tolerance to anthropogenic impacts may 
initially face population increases due to greater resources becoming 
available, however, it is likely that once a disturbance threshold is met they 
too will disappear. As arboreal marsupials respond to disturbance in differing 
ways it is likely that urbanization will to some extent restructure arboreal 
marsupial communities. This research, therefore, aims to identify how 
arboreal marsupial communities respond to a complete urban to forest 
gradient. We propose that sensitivity to disturbance will be a significant driver 
of the distribution of species across the urbanization gradient. We predict that 
highly sensitive species will dissapear at very low levels of disturbance and 
highly adaptable species will inhabit more of the urbanization gradient. 
3.2 Methods 
3.2.1 Study site 
The study site was located in south-eastern Victoria, Australia and covered 
approximately 372,136 ha. This area represents a complete urban to forest 
gradient. Urban to urban-fringe and urban-fringe to forest boundaries were 
established by a land cover layer we derived from SPOT 10 satellite imagery 
(Systèm Pour l'Observation de la Terre) (Figure 1). This layer classified 20m 
x 20m pixels as either impervious surfaces, tree cover, grass/agriculture, 
water or rivers based on reflectance values. Predominantly urban 
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environments containing lower tree cover and higher proportions of 
impervious surfaces and were located in close proximity to Melbourne. As the 
distance from Melbourne increases the urbanization impact decreases, 
creating urban-fringe environments. Urban-fringe environments act as a 
transition zone between the highly urban and the forest zone of the gradient. 
The urban-fringe have multiple landuses such as urban developments, 
market gardens, remnant vegetation and areas of intense agriculture. 
Forested environments, with higher proportions of tree cover and lower 
proportions of impervious surfaces are situated furthest from Melbourne 
(Figure 3.1). 
 
 
Figure 3.1. Urban to forest gradient in south eastern Australia, used for modelling 
habitat suitability for arboreal marsupials. The other land cover is predominantly 
agriculture and other grassed environments, with interspersed rivers and water 
bodies. 
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3.2.2 Determining occurrences of arboreal marsupials 
Arboreal marsupials are a group of mammals that are distinguished by being 
herbivorous, arboreal and nocturnal (Menkhorst and Knight, 2004). 
Australia's arboreal marsupials can be further defined into possums and 
gliders, based on gliders containing a patagium or gliding membrane 
(Strahan and van Dyck, 2008). Australian arboreal marsupials range in size 
from the feathertail glider (Acrobates pigmaeus) at around 10g through to 
mountain brushtail possums that can weigh up to 4500g (Menkhorst and 
Knight, 2004; Strahan and van Dyck, 2008). All arboreal marsupials rely on 
tree hollows or cavities for denning and breeding (Gibbons and Lindenmayer, 
2002). This provides two techniques for studying these species, stag 
watching and spotlighting. Stag watching is generally used to determine 
breeding and nesting parameters, whereas for other resource and habitat 
related studies the most common technique is spotlighting (Smith et al., 
1989). Spotlighting entails an observer traversing a predetermined line 
transect by car or foot with a spotlight used to identify arboreal marsupials 
(Lindenmayer et al., 2009a).   
Spotlight transects for this study were characterized based on several 
ecological variables. Street transects, which incorporated extreme urban, 
high urban and low urban groups were defined based on land cover and 
proportion of tree cover. Remnant transects were defined into groups of 
small, medium and large also based on land cover and proportion of tree 
cover but incorporated a patch restriction as well. Forest transects were 
defined into wet, damp and riparian forest based on ecological vegetation 
classes (Table 3.1).  
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 Table 3.1. Ecological characteristics used to define spotlight transects 
Transect 
category  
Transect type Characteristics Transect length (m) Number of transects 
per category 
Number of transects 
per type  
Street Extreme Urban 
 
 
High Urban 
 
 
Low Urban 
 
Tree cover < scattered 
Predominant land cover = impervious surfaces  
 
Tree cover scattered 
Predominant land cover = impervious surfaces  
 
Tree cover moderate 
Predominant land cover = impervious surfaces  
 
500 m 
 
 
500 m 
 
 
500 m 
 
 
 
 
18 
6 
 
 
6 
 
 
6 
Remnant Small Remnant 
 
 
Medium Remnant 
 
 
Large Remnant 
Dense Tree Cover (crown cover > 80%) 
Remnants between 5 and 15ha 
 
Dense Tree Cover (crown cover > 80%) 
Remnants between 15 and 30ha 
 
Dense Tree Cover (crown cover > 80%) 
Remnants between 30 and 45ha 
 
500 m 
 
 
500 m 
 
 
500 m 
 
 
 
 
18 
6 
 
 
6 
 
 
6 
Forest Wet Forest 
 
 
Damp Forest 
 
 
Riparian Forest 
Dense Tree cover,  >100 ha size 
Wet Forest  EVC 
 
Dense Tree cover,  >100 ha size 
Damp Forest EVC 
 
Dense Tree cover,  >100 ha size 
Riparian Forest  EVC 
1000m 
 
 
1000m 
 
 
1000m 
 
 
 
18 
6 
 
 
6 
 
 
6 
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A total of 54 spotlight transects were established across the urban to forest 
gradient, 18 in each of the broad categories and six within each transect 
type. Forest transects were 1000m in length, while street and remnant 
transects were 500m due to distance constraints in more urban 
environments. 
Each transect was surveyed seven times between August 2007 and 
February 2008. Multiple surveys were undertaken to ensure that the 
maximum number of presence locations for each species was determined. 
Transect spotlighting order was rotated  per visit to reduce the occurrence of 
survey bias. On any survey night spotlighting commenced an hour after dusk, 
to allow species time to leave their dens.  Multiple transects were surveyed 
on each spotlight night with the maximum number of transects surveyed per 
night restricted to eight so that observer fatigue and subsequent observer 
bias was reduced. Transects were surveyed on foot with a handheld 
spotlight. 
Continuous forest transects were traversed in one hour, however, urban and 
remnant transects were completed in 30 minutes due to their shorter length. 
Sighting distance varied between transects with disturbed remnants usually 
having the best sighting distance of approximately 50m. Species were 
identified by either a direct observation of the species, or through 
identification via their characteristic eye shine. Field records included the 
species observed (via eye shine and direct sighting), distance of observation 
along the transect, perpendicular distance of the observation from the 
transect and the angle of observation from the transect. These last three 
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measurements were used to generate specific spatial locations for each 
observation.      
3.2.3 Combining field and atlas data 
Field collected data were supplemented with broad scale atlas data for the 
purpose of modelling. To ensure that bias due to historical environmental 
change was minimized atlas data were restricted to records collected 
between 1997 and 2011. The atlas data were sourced from the Department 
of Sustainability and Environment (DSE) Atlas of Wildlife. To maintain 
maximum confidence in the atlas records used, all atlas records were 
restricted to those confirmed or accepted by the governing body. 
A total of 2740 arboreal marsupial records were collected, with 870 of these 
from spotlight surveys and 1870 from the DSE Atlas of Wildlife. From both 
sources a total of 205 observation records were collected for the  greater 
glider, 359 records for the mountain brushtail possum, 318 records for the 
yellow-bellied glider, 239 records for the sugar glider, 617 records for the 
ringtail possum and 1002 records for the brushtail possum. 
ArcGIS 10.0 (Environmental Systems Reasearch Institute, 2010) was used to 
remove duplicate presence records creating a point layer with one presence 
point per 20m x 20m. This produced a total of 1242 independent arboreal 
marsupial records including 87 presences for the greater glider, 161 
presences for the mountain brushtail possum, 119 presences for the yellow-
bellied glider, 133 presences for the sugar glider, 330 presences for the 
ringtail possum and 412 presences for the brushtail possum. 
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As the number of presence records were substantially smaller for several 
species, arboreal marsupials were merged into broad groups for modelling 
purposes. These groups were based on the species ecology and their 
perceived tolerance to anthropogenic disturbance. Greater gliders, mountain 
brushtail possums and yellow-bellied gliders are considered largely intolerant 
to disturbance and were therefore merged. Sugar gliders are classed as 
tolerant to some levels of disturbance and were maintained as a group by 
themselves, while ringtail and brushtail possums are more tolerant to a 
higher level of disturbance, and therefore formed their own group (Conole 
and Kirkpatrick, 2011; McKinney, 2002, 2006; Strahan and van Dyck, 2008). 
This resulted in three groups based on perceived tolerances to disturbance 
for which models could be developed. After combining arboreal marsupials 
into perceived tolerances to disturbance and ensuring presences were 
independent of one another a total of 1077 presences were available for 
modelling, including 306 for the arboreal marsupial group sensitive to 
disturbance, 134 records for the more tolerant arboreal marsupial group and 
637 records for the generalist group. 
3.2.4 Accounting for sample selection bias  
Sample selection bias is a limitation associated with presence-only data and 
presence-only models (Bean et al., 2012; Elith et al., 2011; Phillips et al., 
2009). In this study bias was accounted for by producing bias layers. Bias 
layers were constructed from atlas data supplied by the Department of 
Sustainability and Environment (DSE) Wildlife Atlas. Vertebrate nocturnal 
terrestrial presences between 1997 and 2011 were collated across the given 
study site. A bias layer was derived by determining 1/euclidean distance to all 
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vertebrate nocturnal terrestrial presence points. The purpose of this layer 
was to rate cells across the landscape based on their survey effort, with 
areas surveyed more intensely receiving higher bias ratings, and those 
surveyed less intensively a lower bias rating. This allowed the model to 
correct its predictions based on the level of survey effort.  
3.2.5 Eco-geographical variables 
Prior research on arboreal marsupials suggests that their tolerance to 
anthropogenic impacts is linked to patch metrics, habitat structure, food and 
denning availability (Kavanagh and Wheeler, 2004; Martin et al., 2007; 
Wormington et al., 2002).  Individual layers produced for modelling included: 
euclidean distance to riparian vegetation, tree cover, digital terrain model, 
riparian vegetation, normalised difference vegetation index (NDVI), land 
cover, slope position classification (SPC), lineal density of ephemeral rivers, 
permanent rivers, rivers and roads. NDVI and the land cover layer were 
derived from SPOT10 satellite imagery (Appendix 1). Eco-geographical 
variables (EGVs) produced for arboreal marsupial modelling had a spatial 
resolution of 20m x 20m and were broadly classified as ecological, 
geographic and anthropogenic (Table 3.2). 
3.2.6 Model building and evaluation 
Before modelling, ENM tools (version 1.3; Warren et al. 2010) was utilized to 
determine the correlation between model eco-geographical variables. Eco-
geographical variables were considered highly correlated if R²≥0.75. When 
this occurred, we retained the eco-geographical variable judged to be the 
most  biologically  relevant  for  subsequent  modelling. Maxent,  a  machine 
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Table 3.2. Original and derived eco-geographical variables for modelling arboreal marsupials. 
Derived Layer/s Variable Type Data Type Categories Layer /Data Source 
Lineal density of rivers 
Lineal density of ephemeral rivers  
Lineal density of Permanent rivers 
E 
E 
E 
Continuous 
Continuous 
Continuous 
-- 
-- 
-- 
Rivers  - VICMAP (HYDRO25)  
 
Lineal density of roads A Continuous -- Roads - VICMAP (VMTRANS) 
Euclidean distance to riparian vegetation Riparian 
vegetation 
E 
E 
Continuous 
Categorical  
 
-- 
 Present 
 Absent 
Ecological Vegetation Classes -
(EVC)NV2005_EVCBCS Department of 
Sustainability and Environment. 
Normalised Difference Vegetation Index (NDVI) 
Land cover 
A,E 
A,E 
Continuous 
Categorical 
-- 
Impervious surfaces 
Vegetation 
Grass/agriculture 
Rivers 
Water bodies 
SPOT 10 Imagery - SPOT10  
(Systèm Pour l'Observation de la Terre) 
DTM20m 
Slope position classification (SPC) 
G 
G 
Continuous 
Categorical 
 
-- 
Ridge  
Upper slope  
Middle slope  
Flat slope  
Lower slope  
Valley 
Digital Terrain Model (DTM) 20m - VICMAP 
Tree cover density E Categorical  
 
Dense (>80% crown cover density) 
Moderate (50-80% crown cover density) 
Scattered (10-50% crown cover density) 
None (<10% crown cover density) 
Tree Cover Density (percent cover) -VICMAP 
(TREEDEN25) 
  Variable type E equates to an ecological variable, Variable type A equates to an anthropogenic variable, Variable type G equates to a geographical variable. 
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learning process, determines the spatial probability distribution of a species 
based on association between presences and eco-geographical data (Elith et 
al., 2011; Phillips et al., 2006; Phillips and Dudík, 2008; Phillips et al., 2004). 
Maxent (version 3.3.3; Phillips et al. 2006) was used to produce presence-
only species distribution model's for arboreal marsupials across a gradient of 
urbanization. 
Model fit was ascertained by the area under the receiver operator curve 
(Jiménez-Valverde, 2012). ENM tools (Warren et al., 2010; Warren and 
Seifert, 2011) was used on models with the highest AUC scores. ENM  tools 
produced Akaike Information Criterion (AICc) scores for all models, and the 
model with the lowest AICc score is selected as the best fit, or most 
parsimonious model. The best habitat suitability model is transferred back 
into ArcGIS for application of a threshold. Logistic habitat suitability maps 
have a scale ranging from 0 to 100, where 0 equates to no potential habitat 
for the species through to 100 or potentially optimal. For conservation 
purposes the 10th percentile threshold was applied forming a binary map. 
This threshold is commonly used in SDM due  to its conservative nature 
which produces more ecologically applicable results (Razgour et al., 2011; 
Redon and Laque, 2010).   
3.2.7 Impact of urbanization and arboreal marsupial diversity across the 
gradient 
Proportional analysis for urban, urban-fringe and forest environments was 
completed in ArcGIS 10.0. Proportional analysis was used to establish the 
impact of the urbanization gradient on habitat suitability. A total of 75 1km x 
1km (area=100ha) sites were established, 25 within each zone along the 
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gradient. In each sample site the proportion of potential habitat was 
determined to evaluate each arboreal marsupial groups response to zones 
along the gradient.  Diversity across the urban to forest gradient was derived 
from habitat suitability scores and the number of functional arboreal 
marsupial groups present. 
ANOVAs were completed in IBM SPSS statistics 20.0 (IBM Corp, 2011) to 
examine whether a difference occurred in the availability of potential habitat 
for each group of arboreal marsupials and to assess the diversity of arboreal 
marsupials across the urban to forest gradient. A significance level of 0.05 
was used. Tukeys’ Post-hoc test was used to identify homogenous subsets.  
3.3 Results 
3.3.1 Habitat suitability models and evaluation 
Correlation analysis indicated that several of the EGVs were highly correlated 
(R²≥0.75). Lineal density of rivers was highly correlated with lineal density of 
roads (R²=0.75). Lineal density of ephemeral rivers was also highly 
correlated with both the lineal density of roads (R²=0.75) and lineal density of 
rivers (R²=1.00) (Appendix, Table 3.1). In relation to the correlated variables, 
each of the models used a different combination of variables with the 
perceived tolerance of the arboreal marsupial group to disturbance the 
deciding factor on which of the correlated variables were retained.  
3.3.2 Disturbance sensitive species 
Twelve models were produced for disturbance sensitive arboreal marsupials 
(i.e. greater gliders, mountain brushtail possums and yellow-bellies gliders) 
with AUC's ranging from 0.89 to 0.91. The most parsimonious habitat 
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suitability model for the disturbance sensitive arboreal marsupials, as defined 
by the lowest AICc values, had a Maxent regularisation beta-multiplier of 1 
and did not include the bias file. The best model had a very good fit with 
AUCtrain=0.932 and AUCtest=0.910 (Figure 3.2). 
 
Figure 3.2. Habitat suitability map for disturbance sensitive arboreal marsupials over 
an urban to forest gradient in south eastern Australia based on Maxent model 
predictions. Lighter areas represent potential habitat and dark grey represent no 
potential habitat. The constant black line represents the urban to urban-fringe 
boundary, while the dashed black line highlights the urban-fringe to forest boundary. 
 
From the 11 EGVs produced only nine (tree cover, lineal density of 
ephemeral  and permanent rivers, land cover, NDVI, riparian, digital terrain 
model (DTM), slope position classification (SPC) and euclidean distance to 
riparian vegetation) were included in the disturbance sensitive arboreal 
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marsupials model. The first three variables, lineal density of ephemeral 
rivers, NDVI and euclidean distance to riparian vegetation contributed 64.9% 
of the model performance.  Tree cover was the most important contributing 
variable when used in isolation, despite only contributing 13.9% to the model, 
while lineal density of ephemeral rivers contributed the most unique 
information with 30.2%.   
Disturbance sensitive arboreal marsupials had a higher probability of 
occurrence within densely treed environments where canopy cover exceeded 
80% (Appendix 3, Figure 3.1a). Higher greenness values in the NDVI, an 
indication of plant biomass, also contributed to the probability of occurrence 
for this group of arboreal marsupials (Appendix 3, Figure 3.1b). Occurrence 
also increased with lineal densities of ephemeral rivers, however, once the 
lineal density of ephemeral rivers reached three lineal kilometers per square 
kilometer the probability of occurrence declined (Appendix 3, Figure 3.1c). 
Increases in lineal density of permanent rivers exhibited the same trend as 
lineal density of ephemeral rivers. Disturbance sensitive arboreal marsupials 
declined with distance from riparian vegetation and declined sharply once the 
distance exceeded three kilometers from riparian vegetation (Appendix 3, 
Figure 3.1d). This group was also more likely to occur at higher elevations. 
Potential habitat proportions for the disturbance sensitive arboreal marsupials 
varied in response across the urbanization gradient (F2,72= 156.84, p<0.001). 
The forest zone produced the most potential habitat for the disturbance 
sensitive group at 70.50% (Tukey p<0.05). The urban-fringe provided limited 
amounts of potential habitat (11.42%) and the urban zone provided no 
potential habitat for disturbance sensitive species (0.00%) (Tukey p<0.05). 
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This indicates for disturbance sensitive arboreal marsupials there is a rapid 
decline in the amount of potential habitat in response to increasing rates of 
urbanization, with extremely limited penetration into the urban-fringe zone 
and no potential habitat in the urban zone. 
3.3.3 Disturbance tolerant species 
Twelve models were produced for disturbance tolerant arboreal marsupials 
(i.e. sugar glider) with AUC's ranging from 0.75 to 0.76. The most 
parsimonious habitat suitability model, for disturbance tolerant arboreal 
marsupials, as defined by the lowest AICc values, had a Maxent 
regularisation beta-multiplier of 2 and did not include the bias file. The best 
model had a good fit with AUCtrain=0.826 and AUCtest=0.763 (Figure 3.3). 
From the 11 EGVs produced only nine (tree cover, lineal density of 
ephemeral  and permanent rivers, land cover, NDVI, riparian, digital terrain 
model (DTM), slope position classification (SPC) and euclidean distance to 
riparian vegetation) were included in the disturbance tolerant arboreal 
marsupial model. The first three variables, tree cover, land cover and lineal 
density of ephemeral rivers contributed 69.9% of the model performance. 
Tree cover was the most important contributing variable at 32.2% when used 
in isolation and was also the variable contributing the most unique 
information.   
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Figure 3.3. Habitat suitability map for disturbance tolerant arboreal marsupials over 
an urban to forest gradient in south eastern Australia based on Maxent model 
predictions. Lighter areas represent potential habitat and dark grey represent no 
potential habitat. The constant black line represents the urban to urban-fringe 
boundary, while the dashed black line highlights the urban-fringe to forest boundary. 
 
Disturbance tolerant arboreal marsupials have a higher probability of 
occurrence in densely treed environments containing a crown cover of >80%  
and adequate water sources (tree cover and land cover) (Appendix 3, Figure 
3.2a-b). Increases in the lineal density of ephemeral rivers resulted in an 
increase in the probability of occurrence for tolerant species. Once the lineal 
density of ephemeral rivers reached three lineal kilometers per square 
kilometer the probability of occurrence declined (Appendix 3, Figure 3.2c). 
Occurrence also increased in line with lineal density of permanent water 
sources, until permanent river densities reached 1.1 lineal kilometers per 
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square kilometer, causing a decline in the probability of occurrence. 
Euclidean distance to riparian vegetation also supported this trend, with 
higher occurrence in close proximity to riparian vegetation, and a marked 
decline in occurrence greater than six kilometers from riparian vegetation. 
Disturbance tolerant species also increased with elevation, and peaked at 
elevations 200m and above. 
Proportions of potential habitat for disturbance tolerant arboreal marsupials 
varied across the zones of the gradient (F2,72= 418.67, p<0.001). For 
disturbance tolerant species the forest contained the highest proportion of 
potential habitat with 76.41%, followed by the urban fringe at 47.85% (Tukey 
p<0.05). Urban environments only contributed a small proportion (4.90%) of 
potential habitat for disturbance tolerant arboreal marsupials (Tukey p<0.05). 
This suggests that while this group of arboreal marsupials can tolerate 
urbanization to a higher degree than the sensitive group with sufficient 
amounts of potential habitat in the urban-fringe zone, it is also disadvantaged 
by intense urbanization.  
3.3.4 Overall generalists and opportunists 
Twelve models were produced for generalist arboreal marsupials (i.e. ringtail 
and brushtail possums) with AUC's ranging from 0.75 to 0.76. The most 
parsimonious habitat suitability model for generalist arboreal marsupials, as 
defined by the lowest AICc values, had a Maxent regularisation beta-
multiplier of 0.5 and did not include the bias file. The best model had a very 
good fit with AUCtrain=0.861 and AUCtest=0.813 (Figure 3.4). 
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Figure 3.4. Habitat suitability map for generalist arboreal marsupials over a urban to 
forest gradient in south eastern Australia based on Maxent model predictions. 
Lighter areas represent potential habitat and dark grey represents no potential 
habitat. The constant black line represents the urban to urban-fringe boundary, while 
the dashed black line highlights the urban-fringe to forest boundary.  
 
Of the 11 EGVs produced only nine (tree cover, lineal density of permanent 
rivers, land cover, NDVI, lineal density of roads, riparian, digital terrain model 
(DTM), slope position classification (SPC) and euclidean distance to riparian 
vegetation) were included in the model for generalist arboreal marsupials. 
DTM and lineal density of roads contributed 69.9% of the model 
performance. Lineal density of roads was the most important contributing 
variable when used in isolation at 23%, in addition to being the variable 
contributing the most unique information.   
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The probability of occurrence of generalist arboreal marsupials was linked to 
the lineal density of roads. As the lineal density of roads increased so too did 
the probability of occurrence until reaching a peak at 7.5 lineal kilometers of 
roads per square kilometer (Appendix 3, Figure 3.3a). Probability of 
occurrence then declined slightly with increasing densities of roads before 
becoming constant. These generalists also responded to elevation, with 
occurrence being greatest at lower elevations (Appendix 3, Figure 3.3b). 
Higher occurrence was also linked to euclidean distance to riparian 
vegetation, with a marked reduction in occurrences greater than six 
kilometers from riparian vegetation. 
There was no difference in the proportion of potential habitat for disturbance 
generalist arboreal marsupials across the urban to forest gradient (F2,=18.21, 
p=0.050). With urban zones providing similar proportions of potential habitat 
to the urban-fringe and  forest (urban: 68.24%, urban-fringe: 53.99%, forest 
51.09%). This suggests that urbanization is not detrimental to generalist 
arboreal marsupials, and that they have the ability to exploit resources 
available across the entire urban to forest gradient.   
3.3.5 Groups of arboreal marsupials across the urban to forest gradient. 
After obtaining habitat suitability maps for disturbance sensitive, disturbance 
tolerant and generalist arboreal marsupials a composite map was produced 
defining  where  potential habitat incorporated all three groups of arboreal 
marsupials, two of the three groups, one of the three groups and no arboreal 
marsupials. This was established to determine whether the number of 
arboreal groups throughout the zones of the gradient was altered with 
increasing urbanization. The number of arboreal marsupial groups differed 
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across the urban to forest gradient (all three disturbance groups): 
F2,72=52.21, p<0.001, two disturbance groups: F2,72= 44.62, p<0.001, one 
disturbance group: F2,72= 57.49, p<0.001, none of the disturbance groups: 
F2,72= 8.33, p=0.001) (Figure 3.5). 
                      
 
Figure 3.5. Habitat suitability map indicating the number of arboreal marsupials 
groups across the urban to forest gradient.  
 
Proportions of potential habitat capable of supporting all three disturbance 
groups of arboreal marsupials was associated with forest environments 
(43.23%), and declined across the entire urban to forest gradient in 
accordance with increasing disturbance levels (urban: 0%) (Tukey<0.05) 
(Figure 3.6). Environments able to support two of the arboreal marsupial 
disturbance groups was highest in the forest at 38.74% and urban fringe at 
38.33% (Tukey>0.05), and only available in small proportions in the urban 
zone (4.60%) (Tukey<0.05). The urban zone with 64.69% of potential habitat,  
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supported the highest amount of one disturbance group (Tukey<0.05), while 
lower amounts existed in the urban-fringe (24.26%) and forest zones 
(13.88%) (Tukey>0.05).  
 
Figure 3.6. Proportion of potential habitat and diversity of arboreal marsupial groups 
(± 1 SE) in urban, urban-fringe and forest zones where diamonds represent no 
disturbance groups, triangles represent potential habitat for one disturbance group, 
squares represent potential habitat for two disturbance groups and circles represent 
potential habitat for all three disturbance groups.  
 
The absence of all disturbance groups was highest in the urban-fringe and 
lowest in the forest (urban-fringe: 32.03%, forest: 7.56%) (Tukey<0.05), with 
urban zones containing intermediate proportions (21.45%) of habitat with no 
arboreal marsupials (Tukey>0.05). This overall trend suggests that the forest 
is able to provide the highest amount of potential habitat for multiple groups 
of arboreal marsupials and as urbanization increases through the zones of 
the gradient, arboreal marsupial groups are lost, until highly urban zones can 
only support one or less arboreal marsupial groups.    
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3.4 Discussion 
3.4.1 Arboreal tolerances to urbanization and EGVs driving habitat suitability 
It was possible from this research to understand habitat suitability for the 
three main groups of arboreal marsupials (disturbance sensitive, disturbance 
tolerant and disturbance generalists) over a gradient of urbanization. The key 
EGVs driving habitat suitability for these arboreal marsupial groups were also 
identified.  
The EGVs driving habitat suitability and the proportion of potential habitat 
available were largely associated with the tolerance of arboreal marsupials to 
anthropogenic disturbances. In the more natural environments, the forest and 
urban fringe, arboreal marsupials were primarily responding to tree cover, 
rivers and proximity to riparian vegetation, with elevation playing a minor role. 
However, the proportion of potential habitat present for disturbance sensitive 
and disturbance tolerant arboreal marsupials was markedly different between 
the forest and urban-fringe. Although the forest provided the highest amounts 
of potential habitat for both disturbance tolerant and sensitive species, the 
latter were only able to inhabit larger tracts of undisturbed forests remaining 
in the urban-fringe and were excluded from the urban zone (Bennett et al., 
1991; Carthew et al., 1999; Goldingay, 1990; Irish and Kavanagh, 2011; 
Lindenmayer et al., 1995; Lindenmayer et al., 2009a; Smith et al., 2007; van 
der Ree et al., 2004). This indicates that disturbance sensitive species are 
acting as urban avoiders and are quickly lost from urbanizing environments 
(McKinney, 2002).    
The disturbance tolerant arboreal marsupials were able to inhabit urban- 
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fringe environments, however, habitat suitability dropped dramatically in the 
transition from urban-fringe to urban zones. This may be a response to the 
loss of complex floristic and structural resources for denning, nesting and 
foraging as these resources are greatly reduced in the urban zone (Bennett 
et al., 1991; Durant et al., 2009; Irvine and Bender, 1997; Menkhorst and 
Loyn, 2011; Suckling, 1984; Wormington et al., 2002). Disturbance tolerant 
arboreal marsupials therefore are urban adapters, that are able to persist 
when subjected to habitat modification. The individual tolerance of urban 
adapters spans from those that inhabit patches of interconnected remnant 
vegetation to those that are able to inhabit the matrix (McKinney, 2006).  
Generalists and opportunists, on the other hand, responded to both 
anthropogenic and environmental variables including road densities, lower 
elevations and proximity to riparian vegetation. Habitat availability was 
homogenous for these arboreal marsupials suggesting that they are able to 
adapt their resource use to fit changing environments and use the artificial 
resources supplied by urban environments (Harper et al., 2008; Kark et al., 
2007; Menkhorst and Loyn, 2011; Pahl, 1984; Statham and Statham, 1997; 
Thomson and Owen, 1964).  
Independent of their response to urbanization, all arboreal marsupial models 
responded positively to proximity to riparian vegetation. The generalist 
exploiter and avoider indicated threshold responses in relation to proximity to 
riparian vegetation with thresholds at six and three kilometers respectively. 
Conversely, the urban adaptor had its highest occurrence in riparian 
vegetation and declined with distance from riparian vegetation. This trend 
may be associated with the resource rich nature of riparian environments 
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(Gillies and St Claire, 2008; Lees and Peres, 2008; Miller et al., 2003; 
Trollope et al., 2009).  
3.4.2 Diversity of arboreal marsupials and  response to urbanization 
gradients.  
The effect of urbanization and subsequently biotic homogenization has been 
well established for bird communities worldwide (Beissinger and Osborne, 
1982; Blair, 1996; Clergeau et al., 2001; Conole and Kirkpatrick, 2011; 
Crooks et al., 2004; Garden et al., 2006; van Rensburg et al., 2009; White et 
al., 2005). Limited research, however, has focused on the impact a gradient 
of urbanization has on arboreal marsupials.  
Diversity of arboreal marsupial groups declined across the gradient of 
urbanization. The forest zone had the capacity to support all three 
disturbance groups of arboreal marsupials, which mirrors the findings of  
many studies on avian community composition in natural versus urbanized 
environments (Sorace and Gustin, 2010; Trollope et al., 2009; van Rensburg 
et al., 2009). As urbanization transitioned towards more intermediate levels of 
disturbance, as evident in the urban-fringe, there is a general loss in arboreal 
marsupial group diversity, with the urban-fringe only capable of supporting 
disturbance tolerant and disturbance generalist species (Garden et al., 2006; 
McKinney, 2002, 2006). Finally, the urban zone becomes so altered that it is 
only able to provide adequate areas for limited groups of arboreal marsupials 
(Crooks et al., 2004; Melles et al., 2003). In each movement through the 
zones of the gradient it appears that the tolerance of one group of arboreal 
marsupials is being breached and they are subsequently lost from the 
system. This trend in the number of arboreal marsupial groups present 
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across a gradient of urbanization emulates prior research on biotic 
homogenization where, as urbanization increases the number of species is 
reduced and reaches a point where the faunal community consists of several 
highly abundant species (Conole and Kirkpatrick, 2011; Kark et al., 2007; 
Shwartz et al., 2008; van Rensburg et al., 2009).  
Although arboreal marsupials and avian species are responding similarly to 
increases in urbanization, in avian communities less tolerant species are 
being replaced with tolerant species that may not be native (Blair, 1996, 
1999; Conole and Kirkpatrick, 2011; McKinney, 2006). In arboreal 
communities replacement with introduced arboreal mammals is not 
occurring, potentially leading to functional biotic homogenization and 
removing inbuilt trophic redundancies that occur in more complex 
communities (Devictor et al., 2007; McKinney, 2006; McKinney and 
Lockwood, 1999). 
3.4.3 Implications of biotic homogenization  
Forest zones of the gradient contain diverse groups of arboreal marsupials 
which provide ecosystem services such as fertilization, seed and pollen 
distribution, aiding in ecosystem health (Beyer and Goldingay, 2006). Diverse 
groups of arboreal marsupials also play a role as prey for apex predators 
such as the powerful owl (Cooke et al., 2006; Lavazanian et al., 1994).  
The loss of arboreal marsupial groups with increasing urbanization may have 
serious implications for vegetation. When groups are lost from the system it 
has a direct impact on the diversity of prey for upper trophic levels, but also 
indirect losses in the form of ecosystem services that were provided by that 
group (Abrams and Ginzburg, 2000; Pimm, 1984). Given that the roles of 
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disturbance intolerant species are being lost without replacement, any 
ecosystem services provided by these species, and not by the brushtail and 
ringtail possums will therefore also be lost. This has the potential to further 
compound the degradation of urban vegetation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Chapter 4: 
 
Urban to forest gradients: suitability for hollow bearing 
trees and implications for obligate cavity nesters 
 
This chapter has been submitted for publication as: 
 
Isaac, B., White, J., Ierodiaconou, D., Cooke, R., (in prep). Urban to forest 
gradients: Suitability for hollow bearing trees and implications for obligate 
cavity nesters. Wildlife Reaearch.  
 
 
 
 
 
Powerful owl chick - Warrandyte, Victoria, Australia © Fiona Hogan. 
How does it feel, to be without a home. 
Like a complete unknown, like a rolling stone?                                               
~ Bob Dylan, Like A Rolling Stone ~ 
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4.1 Introduction 
The presence and availability of resources is one of the fundamental factors 
governing species distribution. Globally, one key resource for faunal 
communities is tree hollows or cavities.  Unlike the northern hemisphere, 
Australia does not have primary tree hollow excavating vertebrates such as 
woodpeckers, therefore tree hollow formation is driven by stochastic events 
(e.g. fire, lightening, storms or high winds) and decay (Fox et al., 2009). 
Eventual tree hollow formation relies on complex interactions between a 
myriad of organisms such as insects, microbes, fungus and bacteria (Fox et 
al., 2009; Gibbons and Lindenmayer, 1996; Wilkes, 1982; Wormington et al., 
2003). Tree hollows suitable for occupancy by vertebrate fauna rarely occur 
in eucalypts less than 120 years old, while larger tree hollows may take up to 
400 years to develop (Gibbons and Lindenmayer, 2002; Lindenmayer et al., 
1997a). 
The slow formation of tree hollows is an issue in Australia because the 
senescence and subsequent loss of hollow bearing trees is exceeding the 
formation of new tree hollows (Lindenmayer et al., 1997b; Parnaby et al., 
2010). Hollow bearing tree loss commenced in Australia with land clearance 
regimes implemented during European settlement (Benson, 1991). Since 
European settlement anthropocentric driven practices such as logging, 
altered fire regimes/intensity, agriculture and firewood collection have altered 
forest structure exacerbating this loss (Gibbons and Lindenmayer, 2002; 
Harper et al., 2005; Haslem et al., 2012; Parnaby et al., 2010). 
Tree hollows or cavities are critical resources used by fauna for varying 
reasons including thermoregulation, roosting, denning, evasion of predators, 
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feeding and breeding (Bryant et al., 2012; Collins et al., 2012; Goldingay, 
2009; Lindenmayer et al., 2000; Munks et al., 2009). Recent estimates 
suggest that 500 species of bats and 260 bird species worldwide rely on tree 
hollows or cavities for one or more aspects of their ecology (Goldingay, 
2009). Proportionally, Australian species are more dependent on tree hollows 
than many other continents, with  over 300 species of native fauna reliant on 
tree hollows, including 83 species of mammals, 114 bird species and 79 
reptile species (Gibbons and Lindenmayer, 2002; Goldingay and Stevens, 
2009).  
Tree hollows and cavities are a crucial resource for an Australian apex 
predator, the powerful owl and its predominant prey species, arboreal 
marsupials. The powerful owl is a large nocturnal raptor of conservation 
importance (Department of Natural Resources and Environment, 1999; 
Garnett and Crowley, 2000; Mansergh et al., 1989). Powerful owls require 
structurally diverse vegetation to provide adequate roosting trees and rely 
heavily on large tree hollows for breeding (Cooke et al., 2002b; Debus and 
Chafer, 1994).  
The powerful owl, as a dietary generalist, preys primarily on arboreal 
marsupials (Cooke et al., 2006; Fitzsimons and Rose, 2010; Lavazanian et 
al., 1994). It is estimated that an individual powerful owl consumes 80-100 
arboreal marsupials per year, with a breeding pair requiring up to 250 
arboreal marsupials each year (Higgins, 1999). Arboreal marsupials are 
largely cavity nesting species, but they generally require smaller tree hollows 
or cavities than their predators and in more urban systems can replace 
natural cavities with alternative nesting sources (Beyer and Goldingay, 2006; 
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Irvine and Bender, 1997; Lindenmayer et al., 1997b; Menkhorst and Loyn, 
2011). Tree hollows may operate as a key limiting resource, impacting on 
predator-prey interactions. This also influences trophic structure and function, 
especially bottom up and top down trophic regulation (Borrvall and Ebenman, 
2006; Letnic et al., 2012; Pace et al., 1999; Polis et al., 2000; Schmitz et al., 
2004; Sinclair et al., 2003; Terborough and Estes, 2010). 
Diverse anthropogenic processes, in particular urbanization have severely 
impacted on biodiversity (McKinney, 2002, 2006). Remnant vegetation in 
urban landscapes is generally smaller in size than in more natural systems. 
The combination of reduced patch sizes, increased isolation and edge effects 
results in a vastly altered floristic structure, complexity and composition 
(Bastin and Thomas, 1999; Fernández-Juricic, 2000; Medley et al., 1995; 
Pickett et al., 2001). Vegetation communities in highly urbanized 
environments are subject to biotic homogenization and usually consist of a 
few dominant generalist species interspersed with invasive alien species 
(Bastin and Thomas, 1999; McKinney, 2006; Pennington et al., 2010; Sewell 
and Catterall, 1998). The question then arises as to how urbanization 
impacts on tree hollow availability, and in turn on an apex predator and its 
prey?   
Presence only modelling was used in this research to identify the ecological 
characteristics driving the distribution of hollow bearing trees over an urban 
to forest gradient. Determining how hollow bearing trees respond to 
urbanization relies on the presence of tree hollows and their relationship with 
associated eco-geographical variables. Ecological drivers will then be used to 
predict habitat suitability, on a tree hollow class size basis, for both an 
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obligate tree hollow nesting apex predator and its primary prey source across 
the urbanization gradient.  
4.2 Methods 
4.2.1 Study site 
The modelling study site represents a continuum urban to forest gradient 
located in south-eastern Victoria, Australia and spanned approximately 
563,569 ha. Urban to urban-fringe and urban-fringe to forest boundaries were 
established by a land cover layer we derived from SPOT 10 imagery (Systèm 
Pour l'Observation de la Terre) (Figure 4.1). Areas closest to Melbourne were 
predominantly urban, characterized by lower tree cover and higher 
proportions of impervious surfaces. An increase in distance from Melbourne 
represents a decline in urbanization, producing a transitional environment 
referred to here as the urban-fringe. Furthest from Melbourne were forested 
environments with higher proportions of tree cover and lower proportions of 
impervious surfaces (Figure 4.1). 
4.2.2 Hollow quadrats and presence data 
The primary technique for identifying tree hollows are ground based surveys 
which entails walking predetermined lines across a quadrat and recording the 
presence and characteristics of the hollow bearing tree and the tree hollow 
(Harper et al., 2005; Lindenmayer et al., 1997b).  
Quadrats for this study were characterized based on several ecological 
variables. Street quadrats incorporated extreme urban, high urban and low 
urban groups were defined based on land cover and proportion of tree cover. 
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Remnant quadrats were defined into groups of small, medium and large also 
based on land cover and proportion of tree cover but incorporated an area  
 
Figure 4.1. Urban to forest gradient in south eastern Australia used for modelling 
habitat suitability for tree hollows. Other land cover is predominantly agriculture and 
other grassed environments, with interspersed rivers and water bodies. 
 
restriction as well. Forest quadrats were defined into wet, damp and riparian 
forest based on ecological vegetation classes and an area restriction (Table 
4.1). This resulted in 54 500x500m quadrats, 18 in each of the quadrat 
categories and six within each quadrat type. Following Harper et al. (2005) 
quadrats were surveyed on foot, with each tree in the quadrat surveyed using 
binoculars. If a tree contained a hollow, the entrance diameter of the hollow 
was estimated from the ground and a GPS location was taken at the base of 
the tree to record its spatial location within the quadrat. The assumption is 
that the hollow size (depth and volume) is directly related to entrance 
diameter. Ground surveys have been proven as beneficial in producing 
estimates of  tree hollows within  a given area,  however, they do  have the  
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Table 4.1. Ecological characteristics used to define quadrats for holow surveys. 
Quadrat 
category  
Quadrat type Characteristics Number of quadrats 
per category 
Number of quadrats 
per type  
Street Extreme Urban 
 
 
High Urban 
 
 
Low Urban 
 
Tree cover < scattered 
Predominant land cover = impervious surfaces  
 
Tree cover scattered 
Predominant land cover = impervious surfaces  
 
Tree cover moderate 
Predominant land cover = impervious surfaces  
 
 
 
 
 
18 
6 
 
 
6 
 
 
6 
Remnant Small Remnant 
 
 
Medium Remnant 
 
 
Large Remnant 
Dense Tree Cover (crown cover > 80%) 
Remnants between 5 and 15ha 
 
Dense Tree Cover (crown cover > 80%) 
Remnants between 15 and 30ha 
 
Dense Tree Cover (crown cover > 80%) 
Remnants between 30 and 45ha 
 
 
 
 
 
18 
6 
 
 
6 
 
 
6 
Forest Wet Forest 
 
 
Damp Forest 
 
 
Riparian Forest 
Dense Tree cover,  >100 ha size 
Wet Forest  EVC 
 
Dense Tree cover,  >100 ha size 
Damp Forest EVC 
 
Dense Tree cover,  >100 ha size 
Riparian Forest  EVC 
 
 
 
18 
6 
 
 
6 
 
 
6 
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tendency to underestimate the number of tree hollows within an area and 
where possible double surveys should occur of the one area to reduce bias 
(Harper et al., 2005; Harper et al., 2004). Each quadrat was surveyed twice 
between 2008 and early 2010 to account for bias in observations.  
During the first visit 43 sites were completed, which included 18 urban, 18 
remnant and 7 forest sites. Prior to completion of the tree hollow surveys the 
forest sites were subjected to the Black Saturday bushfires where a large 
proportion of Victoria's forest regions were decimated and 16 of our 18 forest 
transects were subject to high intensity burns. The second visit was post 
bushfire and covered all 54 sites. When surveying the remainder of the forest 
sites, post fire, limited tree hollows were found due to the high intensity 
nature of the burn which caused wide scale tree collapse and disintegration 
on collapse.  
Data on tree hollows were used in two ways, all tree hollow size classes 
(referred to as tree hollows for arboreal marsupials) was used to create one 
model of potential habitat for obligate cavity nesting arboreal marsupials, 
while another model focused on only tree hollows greater than 20cm in 
diameter or those more suitable for the powerful owl (referred to as tree 
hollows for powerful owls). ArcGIS 10.0 (Environmental Systems Reasearch 
Institute, 2010) was used to remove duplicate presence records creating a 
point layer with one presence point per 20m x 20m. 
4.2.3 Accounting for sample selection bias  
One limitation associated with presence-only data and presence-only models  
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is sample selection bias (Elith et al., 2011; Phillips et al., 2009). To account 
for sample selection bias, a bias layer was derived by establishing 
1/euclidean distance to all tree hollows in the presence dataset.  This 
provides an indication of sampling bias across the landscape. This bias layer 
was included in the modelling process to correct for sample bias.  
4.2.4 Eco-geographical variables 
Layers produced for modelling included lineal density of ephemeral rivers, 
permanent rivers and roads, tree cover, riparian vegetation, euclidean 
distance to riparian vegetation, slope position classification (SPC), 
normalised difference vegetation index (NDVI), and land cover (Table 4.1). 
The NDVI and land cover layers were derived from SPOT10 satellite imagery 
(Appendix 1). EGVs had a spatial resolution of 20mx20m and were broadly 
classified as ecological, geographic and anthropogenic.  
4.2.5 Model building and evaluation 
Before modelling, ENM tools (version 1.3; Warren et al. 2010) was utilized to 
determine the correlation between model EGVs Eco-geographical variables 
were considered highly correlated if R²≥0.75. When this occurred, we 
retained the eco-geographical variable judged to be the most biologically 
relevant for subsequent modelling. Maxent (version 3.3.3; Phillips et al. 2006) 
was used to establish presence-only species distribution models (SDM's) for 
hollow bearing trees. We used the default settings for models, but 
incorporated 5000 iterations rather than the default 500 iterations. Twenty 
replications of each model were run, with random selection partitioning the  
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Table 4.1. Original and derived eco-geographical variables for modelling tree hollows. 
Derived Layer/s Variable Type Data Type Categories Layer /Data Source 
Lineal density of ephemeral rivers  
Lineal density of Permanent rivers 
E 
E 
Continuous 
Continuous 
-- 
-- 
Rivers  - VICMAP (HYDRO25)  
 
Lineal density of roads A Continuous -- Roads - VICMAP (VMTRANS) 
Euclidean distance to riparian vegetation 
Riparian vegetation 
E 
E 
Continuous 
Categorical  
 
-- 
 Present 
 Absent 
Ecological Vegetation Classes -
(EVC)NV2005_EVCBCS Department of 
Sustainability and Environment. 
Normalised Difference Vegetation Index (NDVI) 
Land cover 
A,E 
A,E 
Continuous 
Categorical 
-- 
Impervious surfaces 
Vegetation 
Grass/agriculture 
Rivers 
Water bodies 
SPOT 10 Imagery - SPOT10  
(Systèm Pour l'Observation de la Terre) 
Slope position classification (SPC) G Categorical 
 
Ridge  
Upper slope  
Middle slope  
Flat slope  
Lower slope  
Valley 
Digital Terrain Model (DTM) 20m - VICMAP 
Tree cover density E Categorical  
 
Dense (>80% crown cover density) 
Moderate (50-80% crown cover density) 
Scattered (10-50% crown cover density) 
None (<10% crown cover density) 
Tree Cover Density (percent cover) -VICMAP 
(TREEDEN25) 
Variable type E equates to an ecological variable, Variable type A equates to an anthropogenic variable, Variable type G equates to a geographical variable. 
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data 75% to 25% per run, where 75% of the data was used to train the model 
and the remaining 25% for testing. Each model was run at varying 
regularization beta-multipliers of 0.5, 1, 2, 3, 4 and 5 to gauge the effects of 
model complexity and all models were run with or without bias layer. A total 
of 24 models were run for hollows bearing trees. 
Model fit was ascertained by the area under the receiver operator curve 
(Jiménez-Valverde, 2012). ENM tools (Warren et al., 2010; Warren and 
Seifert, 2011) were used on models with the highest AUC scores. 
ENM  tools produced Akaike Information Criterion (AICc) scores for all 
models, and the model with the lowest AICc score is selected as the best fit, 
or most parsimonious model. The best habitat suitability model is transferred 
back into ArcGIS for application of a threshold. Logistic habitat suitability 
maps have a scale ranging from 0 to 100, where 0 equates to no potential 
habitat for the species through to 100 or potentially optimal habitat. For 
conservation purposes the 10th percentile threshold was applied forming a 
binary map. This threshold is commonly used in SDM due to its conservative 
nature which produces more ecologically applicable results (Razgour et al., 
2011; Redon and Laque, 2010).   
4.2.6 Impact of urbanization  
Proportional analysis for urban, urban-fringe and forest environments was 
completed in ArcGIS 10.0. Proportional analysis was used to establish the 
impact of urbanization gradients on habitat suitability for tree hollow 
resources. A total of 75 1km x 1km (area=100ha) sites were established, 25 
within each zone along the gradient. In each sample site the proportion of  
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potential tree hollow habitat was ascertained for the powerful owl and its 
prey. This was used to gauge the effect that an increase in urbanization has 
on the potential of the area to support tree hollows for the powerful owl and 
its prey. 
ANOVAs were completed in IBM SPSS statistics 20.0 (IBM Corp, 2011) to 
examine whether a difference occurred in the availability of potential habitat 
across the urban to forest gradient. A significance level of 0.05 was used. 
Tukeys’ Post-hoc test was used to identify homogenous subsets.  
4.3 Results 
4.3.1 Tree hollow presence data 
Across the 54 sites a total of 234 tree hollows of all sizes were recorded, of 
this 171 had diameter dimensions smaller than 20cm, while the remaining 63 
had dimensions greater than 20cm. The number of tree hollow presences for 
the tree hollow suitability model for the powerful owl declined from 63 to 51, 
once duplicate presences were removed from the data set and from 171 to 
150 for the arboreal marsupial tree hollow suitability model. 
4.3.2 Correlation of EGVs 
Correlation analysis indicated that two of the EGVs were highly correlated (R² 
≥ 0.75). Lineal density of ephemeral rivers was highly correlated with the 
lineal density of roads (R²=0.75) (Appendix 4, Table 4.1). Due to correlation, 
the lineal density of roads was not used in the models. 
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4.3.3 Tree hollow habitat suitability for arboreal marsupials 
Twelve models were produced to determine tree hollow habitat suitability for 
arboreal marsupials with AUC's ranging from 0.86 to 0.92. The most 
parsimonious habitat suitability model for arboreal marsupial’s tree hollows, 
as defined by the lowest AICc values, had a Maxent regularisation beta-
multiplier of 1 and did not include the bias file. The best model had a very 
good fit with AUCtrain=0.940 and AUCtest=0.922 (Figure 4.2). 
 
 
Figure 4.2. Tree hollow habitat suitability map for arboreal marsupials over an urban 
to forest gradient in south eastern Australia based on Maxent model predictions. 
Lighter areas represent potential habitat and dark grey represent no potential 
habitat. The constant black line represents the urban to urban-fringe boundary, while 
the dashed black line highlights the urban-fringe to forest boundary. 
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From the nine EGVs produced only eight were included in the best model 
(land cover, NDVI, SPC, tree cover, euclidean distance to riparian vegetation, 
riparian vegetation, lineal density of ephemeral and permanent rivers). The 
first three variables, lineal density of ephemeral rivers, land cover and 
euclidean distance to riparian vegetation contributed 80.8% of the model 
performance. Lineal density of ephemeral rivers was the most important 
contributing variable when used in isolation (40.8%) and was also the 
variable contributing the most unique information. 
Tree hollows suitable for arboreal marsupials, according to the above model, 
have a higher probability of occurring within environments with lower 
densities of ephemeral rivers (Appendix 4, Figure 4.1a). Land cover impacted 
on probability of occurrence for arboreal marsupial tree hollows, with higher 
occurrence of tree hollows linked to treed environments incorporating rivers 
and water (Appendix 4, Figure 4.1b). Tree cover was also important with 
dense tree cover (crown cover ≥80%) producing a higher probability of 
occurrence. The occurrence of tree hollows for arboreal marsupials 
increased with distance from riparian vegetation and peaked at six to eight 
kilometers from riparian vegetation.  
Proportions of potential tree hollow habitat for arboreal marsupials varied 
across the urban, urban-fringe and forest environments (F2,72=3.57, 
p<0.033). Proportions of potential tree hollow habitat for arboreal marsupials 
were higher in forest (41.91%) and lowest in the urban zone (25.98%) 
(Tukey<0.05) (Figure 4.3). The urban-fringe contained proportions of 
potential habitat that was not dissimilar from the forest or urban zones 
(35.67%) (Tukey>0.05). 
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4.3.4 Tree hollow habitat suitability for the powerful owl (20cm or greater)  
Twelve models were produced to determine tree hollow habitat suitability for 
the powerful owl with AUC's ranging from 0.85 to 0.89. The most 
parsimonious habitat suitability model for tree hollows large enough for the 
powerful owl, as defined by the lowest AICc values, had a Maxent               
regularisation beta-multiplier of 3 and did not include the bias file. The best 
model had a very good fit with AUCtrain=0.894 and AUCtest=0.878 (Figure 
4.4).
 
Figure 4.3. Proportion of potential habitat (mean ± 1.96 SE) in urban, urban-fringe 
and forest zones for tree hollows, where circles equals tree hollow sizes suitable for 
arboreal marsupials and squares equals tree hollows 20cm in diameter or greater 
and suitable for the powerful owl. 
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From the nine EGVs produced only eight (land cover, NDVI, SPC, tree cover, 
euclidean distance to riparian vegetation, riparian vegetation, lineal density of 
ephemeral and permanent rivers) were included in the model. The first four 
variables, tree cover, land cover, lineal density of ephemeral and permanent 
rivers contributed 94.8% of the model performance. Tree cover was the most 
important contributing variable when used in isolation (59.8%) and was the 
variable contributing the most unique information. 
 
 
Figure 4.4. Tree hollow habitat suitability map for the powerful owl across an urban 
to forest gradient in south eastern Australia based on Maxent model predictions. 
Lighter areas represent potential habitat and dark grey represents no potential 
habitat. The constant black line represents the urban to urban-fringe boundary, while 
the dashed black line highlights the urban-fringe to forest boundary. 
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Tree hollows suitable for powerful owls occurred more frequently within 
densely vegetated environments with a crown cover ≥80% (Appendix 4, 
Figure 4.2a). In particular, treed environments incorporating rivers had a 
higher occupancy of tree hollows suitable for powerful owls (Appendix 4, 
Figure 4.1b). The type and amount of river present had an impact on the 
occurrence of larger tree hollows. As the density of permanent rivers 
increased so too did occurrences of larger tree hollows, however, increases 
in ephemeral rivers are associated with a decline in the occurrence of tree 
hollows suitable for powerful owls. The occurrence of tree hollows large 
enough for powerful owls also increased with distance from riparian 
vegetation. 
The proportion of area able to provide large tree hollows for the powerful owl 
was not uniform over the urban, urban-fringe and forest zones (F2,72=44.81, 
p<0.001). In relation to larger tree hollows for powerful owls, potential habitat 
proportions were highest in forest zones at 66.49% (Tukey<0.05), followed 
by urban-fringe with 47.91% (Tukey<0.05) and lowest in urban environments 
with 16.35% (Tukey<0.05) (Figure 4.3). 
4.4. Discussion 
4.4.1 Tree hollows as a limiting resource for powerful owls and their prey, 
arboreal marsupials. 
Tree hollows are a critical and limiting resource for many species. Maxent 
was used to derive SDM's to determine habitat suitability in relation to this 
key resource for the powerful owl and its main prey resources across the 
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gradient. Maxent also identified the essential EGVs driving proportions of 
suitable tree hollows for these species over the gradient.   
Trends were evident in the EGVs driving proportions of potential tree hollow 
habitat for both arboreal marsupials and powerful owls across the urban to 
forest gradient. The proportion of potential tree hollow habitat for both 
species was linked to the land covers of trees with suitable river systems, low 
densities of ephemeral rivers and distance from riparian vegetation. In 
addition to the above EGVs tree cover (canopy ≥ 80%) and higher densities 
of permanent rivers were good indicators of potential habitat for tree hollows 
for the powerful owl.  
The most important of these EGVs for predicting tree hollows was different 
between powerful owls and arboreal marsupials. Low densities of ephemeral 
rivers were most important for arboreal marsupials while larger tree hollows 
for powerful owl were driven by the density of the trees canopy cover (≥ 
80%). Initially the result associated with proximity to riparian vegetation 
appeared as an anomaly, however, on further GIS exploration it was found 
that the rivers is accounting for a high proportion of the unique information 
present in the riparian layer. This suggests that even if treed environments do 
not fall within designated riparian systems they still have the ability to 
produce hollows for obligate hollow nesting species.  
Within the urbanization gradient it was evident that the forest and to a lesser 
degree the urban-fringe supported the highest proportions of potential hollow 
bearing tree habitat. Forests still contain large trees, that are more likely to 
produce tree hollows. In comparison, urban areas contain very few tree 
hollows. This may be due to past and current management actions that have 
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focused on the removal of hazardous limbs or trees which are often those 
capable of producing tree hollows resulting in urban remnants with few tree 
hollows (Harper et al., 2005; Sewell and Catterall, 1998). Our research 
suggests that urban remnants have the capacity to produce smaller tree 
hollows that will be suitable for small birds and arboreal marsupials. Urban 
streetscapes, on the other hand, contain fewer hollow bearing trees because 
trees are either too small stemmed to produce tree hollows or have been 
replaced by hardy introduced trees that are less susceptible to hollow 
formation (Gibbons and Lindenmayer, 2002).  
4.4.2 Impacts on trophic structure, function and predator-prey interactions 
Species within ecosystems are interconnected to form complex food webs 
with multiple trophic levels (Berlow et al., 2004; Pimm et al., 1991; Polis and 
Strong, 1996; Post, 2002). Debate exists whether the complexity of a food 
web influences its inherent stability (Borrvall and Ebenman, 2006; Borrvall et 
al., 2000; Kondoh, 2003; Naeem, 2002; Pimm, 1984; Polis, 1998). 
Regardless of complexity, food webs are subject to one or more controls that 
allow the system to self-regulate, preventing species loss i.e. trophic 
cascades (Borrvall and Ebenman, 2006; Letnic et al., 2012; Miller et al., 
2012). These are commonly referred to as top-down and bottom-up controls. 
An ecological system may be subject to strong top-down, strong bottom-up or 
a combination of the two controls (Sinclair et al., 2003). Top-down control 
results in a predator controlling the biomass or density of their prey, whereas 
bottom-up control refers to the limitation of predator densities by prey or 
resource availability (Fischer et al., 2012; Letnic and Koch, 2010; Sarnelle, 
1994; Sinclair et al., 2003).  
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In ecological systems, organism or resource modification can have lasting 
effects, not only on the immediate trophic level but on the structure and 
function of the whole ecosystem (Borrvall and Ebenman, 2006; Dunne et al., 
2002; Fischer et al., 2012). Tree hollows as a limiting resource have the 
potential to cause implications in this predator-prey relationship over an 
urban to forest  gradient. When tree hollows or cavities become a limiting 
factor for arboreal marsupials, this has further implications for powerful owls 
who, due to their size and the size of the tree hollow required for 
reproduction, are further disadvantaged. Predation is therefore relaxed on 
arboreal marsupials allowing for population increases, and increases in 
herbivory. In forest systems this effect may not be as noticeable due to 
arboreal marsupials relying heavily on tree hollows or cavities for 
nesting/denning (Bennett et al., 1991; Carthew et al., 1999; Eyre, 2006; 
Lindenmayer et al., 1995; Lindenmayer et al., 2009a; Nelson et al., 1996; 
Wormington et al., 2002). In urban and urban-fringe systems this trophic 
imbalance becomes more apparent, as predation is still relaxed, but the two 
main arboreal marsupials, ringtail possum and brushtail possum often exist at 
higher densities due to the use of alternative nesting and denning structures 
(Harper et al., 2008; Menkhorst and Loyn, 2011; Pahl, 1984; Thomson and 
Owen, 1964). 
4.4.3 Conservation and Management Actions 
Tree hollows and cavities are a limiting resource for many species and 
urbanization processes are further exacerbating cavity scarcity. Urbanization 
processes, therefore, have the ability to be hinder the ongoing preservation 
of biodiversity within  landscapes. From this research proposed management 
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would be twofold, initially research is required on the distribution and 
occupancy rates of tree hollows across the urban to forest gradient. In 
addition to more research, structured management of existing tree hollow 
resources and planning for future tree hollow resources needs to be 
implemented.  
Structured management techniques for hollow bearing trees needs to be 
focused on the level of urbanization an environment is subjected to. As much 
of the forested regions in Victoria are currently reserved in park systems, the 
primary objectives in these zones should be to prevent the loss of large 
hollow bearing trees and those capable of producing tree hollows from 
anthropogenic and stochastic events. The urban-fringe is arguably the most 
important in the management of tree hollows, as it still has the capacity to 
produce higher abundances of tree hollows, but it is also the most at risk 
from encroaching urbanization (Bekessy et al., 2012). The focus in urban-
fringe environments needs to be on preserving remnants with structural and 
floristic complexity to provide tree hollows for current species use. Structured 
planting is also required to ensure that the lag time between loss of tree 
hollows and production of new tree hollows is not excessive.  
Managing for tree hollows within urban environments is potentially the most 
problematic. Past management techniques have managed reserves and 
remnant vegetation for recreation and human priority over biodiversity 
conservation (Gibbons and Lindenmayer, 2002). This anthropogenic 
management focus has left a scarcity of trees large enough to reach hollow 
formation and thus a scarcity of tree hollows for large predators such as the 
powerful owl. The long-term goals in the urban zone should incorporate 
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management for conservation in addition to human safety. This should focus 
on protecting existing hollow bearing trees and to retain and protect larger 
older trees capable of producing tree hollows, in addition to, structured 
planting for the future generation of tree hollows. In the short to medium term, 
one solution in areas with low tree hollow numbers would be to increase tree 
hollow densities by providing nest boxes. Nest boxes, however, need to be 
varied in shape, size, construction and nesting materials to target specific 
species, as well as managed to keep out undesirable species.  
  
 
Chapter 5:  
 
Does urbanization have the potential to create an 
ecological trap for powerful owls (Ninox strenua)? 
 
This chapter has been submitted for publication as: 
 
Isaac, B., White, J., Ierodiaconou, D., Cooke, R., (under review). Does 
urbanization have the potential to create an ecological trap for powerful owls 
(Ninox strenua). Biological Conservation. 
 
 
 
Recently fledged powerful owl chick, Warrandyte, Victoria 
Everything is connected to everything else. 
Everything must go somewhere. 
Nature knows best. 
There is no such thing as a free lunch. 
If you don't put something in the ecology, it's not there.                                    
~ Barry Commoner's five laws of ecology ~
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5.1 Introduction 
The human ability to reshape natural environments, altering their structure 
and function, has been linked to the increase of animals falling for ecological 
traps (Battin, 2004; Gilroy and Sutherland, 2007). Ecological traps occur 
when an animal makes a maladaptive choices to settle in poor quality 
habitats, while this initially may have no effect on the animal during 
settlement it has ramifications for future survival, reproduction and overall 
fitness (Kriska et al., 1998; Remes, 2003; Witherington, 1997). Ecological 
traps are different from demographic sinks in that an animal will settle in a 
sink only after higher quality habitats are taken, whereas, in responding to 
maladaptive cues, animals can inhabit ecological traps even though good 
quality habitat is available (Battin, 2004; Tozer et al., 2012). Ecological traps 
may provide the species with a certain essential resource such as higher 
prey densities, however, there is generally an ecological component missing 
from such environments or they subject a species to increased risks 
associated with wildlife/human interactions (e.g electrocution, collision, 
persecution, poisoning) (Battin, 2004; Chace and Walsh, 2006; Tozer et al., 
2012).  
The powerful owl, a species of conservation importance and Australia's 
largest owl, was originally perceived as a forest dependent raptor (Debus and 
Chafer, 1994; Garnett and Crowley, 2000; Mansergh et al., 1989; McNabb, 
1996). Recently this species has been identified as inhabiting urban 
environments in close proximity to Melbourne (Cooke et al., 2002a), Sydney 
(Kavanagh, 2004) and Brisbane (Pavey, 1993). Along the east coast of 
Australia  this species  has  been linked to certain ecological requirements,  
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including structurally complex vegetation communities for suitable roosting 
and nesting sites, adequate water sources and suitable prey bases (Cooke et 
al., 2002b; Isaac et al., 2008; Kavanagh, 2004; Kavanagh and Peake, 1993; 
Loyn et al., 2001; Pavey, 1993; Tilley, 1982).  
The powerful owl primarily predates medium sized arboreal marsupials, 
however, this species will also consume birds, flying foxes and insects across 
its distribution (Fitzsimons and Rose, 2010; Kavanagh, 2002; Lavazanian et 
al., 1994; Pavey, 1995; Seebeck, 1976). An opportunistic predator, dietary 
composition varies according to season and spatial location (Bilney et al., 
2006; Cooke et al., 2006; Kavanagh, 2002; Pavey, 1994; Tilley, 1982).  
Although nesting sites are required for breeding, the powerful owl can and 
does inhabit areas with suitable roosting and prey sources (Cooke et al., 
2000b; Hogan and Cooke, 2010; Webster et al., 1999). There is, therefore, 
likely to be a disparity between the cues influencing settlement for a 
dispersing individual and those facilitating reproduction later in life. Based on 
this several questions can be proposed. Is the powerful owl responding to 
cues such as prey availability that are facilitating this species settlement in 
urbanizing environments but are ultimately maladaptive cues for future 
reproduction? Secondly, what  is the differential between areas the powerful 
owl can settle versus those in which  reproduction can occur? Finally, is this 
differential between settlement potential and breeding potential amplified with 
increases in the level of urbanization to the point of potentially forming an 
ecological trap?   
Site suitability analysis was used in this research to determine whether 
increasing urbanization has the potential to form an ecological trap for the 
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powerful owl.  This will be completed by incorporating landscape metrics 
such as patch size and species specific resource metrics into the analysis. 
Identifying the response of the powerful owl to urbanization gradients will 
highlight the potential impact urbanization is having on the powerful owl. 
5.2 Methods 
5.2.1 Study site 
The study site used for site suitability analysis represented an urban to forest 
gradient located in south-eastern Victoria, Australia and spanned 
approximately 372,136 ha. Urban to urban-fringe and urban-fringe to forest 
boundaries were established by a land cover layer we derived from SPOT 10 
imagery (Systèm Pour l'Observation de la Terre) (Figure 5.1). Areas furthest 
from Melbourne were predominantly forested, dominated by tree cover and 
lower levels impervious surfaces. Areas closest to Melbourne exhibited more 
anthropogenic attributes including higher levels of impervious surfaces and 
limited tree cover. Intermittent between the two extremes is the urban-fringe 
zone, a transitional environment able to support generous amounts of tree 
cover but also subject to lower urbanization pressures (Figure 5.1). 
5.2.2 Developing layers and site suitability analysis 
ArcGIS 10.0. was used to derive layers for site suitability analysis from the 
output of the habitat suitability maps for the powerful owl (chapter 2), 
disturbance sensitive arboreal marsupials, disturbance tolerant arboreal 
marsupials, generalist arboreal marsupials (chapter 3) and large tree  hollows 
(entrance diameter ≥20cm) (chapter 4). All models were re-classed to include 
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Figure 5.1. Urban to forest gradient in south eastern Australia used for site suitability 
analysis. Other land cover is predominantly agriculture and other grassed 
environments, with interspersed rivers and water bodies. 
 
only potential habitat. These were then used to produce several layers 
including a probability of occurrence layer for the powerful owl with patch size 
constrained to 20ha or greater, a probability of occurrence layer for arboreal 
marsupials in general, a probability of occurrence layer for diverse groups of 
arboreal marsupials and a probability of occurrence layer for tree hollows 
(entrance diameter ≥20cm) for site suitability analysis (Figure 5.2). 
5.2.3 Habitat suitability and site suitability analysis 
The habitat suitability for a species cannot be based solely on broad 
environmental variables such as rivers, tree cover and so forth. These types 
of habitat predictions provide predictions of everywhere an animal could 
possibly inhabit without any constraints. Ecological systems, by their very 
nature are complex with diverse factors such as predation risk, competition 
and resource availability influencing actual occurrence (Dennis et al., 2003; 
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Guisan and Zimmermann, 2000; Vanreusel et al., 2007). Site selection multi-
criteria decision analysis (MCDA) also known as site suitability analysis, in a 
geographic information systems (GIS) platform allows resource layers to be  
 
 
Figure 5.2. Layers produced for site suitability analysis. Where a. is the 
probability of occurrence for the powerful owl with patch size constrained 
to 20ha or greater, b. is the probability of occurrence for arboreal 
marsupials in general, c. is probability of occurrence for diverse groups of 
arboreal marsupials and d. the probability of occurrence for tree hollows 
(entrance diameter ≥20cm). 
 
weighted based on their importance and used to refine habitat suitability 
(Gurnell et al., 2002; Powell et al., 2005; Şener et al., 2006). We propose that 
the cues for site selection at settlement are driven by potential habitat and 
having a suitable prey base. These two resources will meet all the 
requirements of a dispersing individual and as such will allow individuals to 
settle and establish a home-range. Predictions of general prey sources, 
diverse prey groups and tree hollow habitat were used to refine the powerful 
owl habitat suitability model in a stepwise comparison (Figure 5.3).  
Potential 
No potential 
Potential 
No potential 
Potential 
No potential 
Groups 3 & 2 
Groups 0 & 1 
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Site suitability analysis was used to determine the proportion of potential 
habitat remaining when resources for settlement are included versus the 
inclusion of resources to facilitate breeding. The proportion of potential 
habitat remaining was examined across two scenarios. The first scenario 
encompassed a settlement stage based on general prey sources, while the 
reproduction phase included general prey resources and tree hollow 
resources (Figure 5.3). The second scenario incorporated a settlement phase 
with a diverse prey resource, while the reproductive phase had a diverse 
prey resource and tree hollow resources. These scenarios were examined 
across the urban to forest gradient. 
 
 
 
 
 
 
 
 
Figure 5.3. Powerful owl potential habitat and the cues required for settlement 
versus reproduction. 
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5.2.4 Impact of urbanization on potential habitat for settlement and 
reproduction  
Proportional analysis for urban, urban-fringe and forest environments was 
completed in ArcGIS 10.0. Proportional analysis was used to establish the 
impact of urbanization gradients on remaining potential habitat in settlement 
and reproductive phases of the scenarios mentioned above. A total of 75, 
1km x 1km (area=100ha) sites were randomly established, 25 within each 
zone (urban, urban-fringe and forest) along the gradient. In each sample site 
the proportion of potential habitat was collated from the initial SDM and 
compared to the proportion of potential habitat at settlement and 
reproduction. At the SDM stage 1km x1km sites with no potential habitat 
were removed from analysis with 14 remaining in the urban zone, 25 in the 
urban-fringe and 24 in the forest zone. 
ANOVAs were completed in IBM SPSS statistics 20.0 (IBM Corp, 2011). A 
significance level of 0.05 was used. Tukeys’ Post-hoc test was used to 
identify homogenous subsets. ANOVAS were used to examine whether the 
availability of potential habitat declined when settlement and reproduction 
constrains became introduced to the system.  
5.2.5 Predicted breeding comparison with actual breeding 
A total of 204 breeding site locations were collated from our field studies and 
supplemented by atlas breeding records from the Department of 
Sustainability and Environment (DSE) Wildlife Atlas. Known breeding 
locations were compared to the predicted potential habitat at settlement and 
reproductive phases in the presence of a general prey resource or a diverse 
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prey resource across the gradient. These comparisons were used to assess 
the models predictive performance. 
5.3 Results 
5.3.1 Potential habitat across the urban to forest gradient based on species 
distribution modelling. 
Potential habitat for the powerful owl, as predicted by the species distribution 
model, and constrained to a minimum patch size of 20ha varied across the 
gradient. The forest zone represents the greatest amount of potential habitat 
for the powerful owl at 64,337ha or 50.07%. The urban-fringe still represents 
54,523ha or 37.33% potential habitat and the urban zone represents a strong 
decline only representing 16,862ha or 13.12% potential habitat (Figure 5.4a).   
5.3.2 Settlement and Reproduction with a general prey resource across the 
urban to forest gradient  
The powerful owl habitat suitability model (patch sizes greater than 20ha) 
was constrained by a general prey resource to determine potential habitat 
retention across the gradient. Inclusion of a general prey resource (i.e.prey 
available but not necessarily diverse) caused a slight decline in potential 
habitat across the gradient (F2,60=3.96, p<0.001). Incorporation of a general 
prey resource saw the forest  zone sustaining 98.50% of the original potential 
habitat while the urban zone was not dissimilar to the forest retaining 90.32% 
of potential habitat (Tukey>0.05) (Figure 5.4b, Figure 5.5). The lowest rate of 
retention occurred within the urban-fringe, with 83.79% of potential habitat 
remaining (Tukey<0.05). This suggests that selecting habitat by a cue of a 
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Figure 5.4. Percent of retained potential habitat across an urban to forest gradient where a. represents potential habitat based on SDM modelling, b. 
represents settlement with a general prey resource and c. reproduction with a general prey resource. The red solid line defines the urban to urban-
fringe boundary while red dotted line defines the urban-fringe to forest boundary. 
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general non-diverse prey resource does not lead to major reductions in 
available habitat across the landscape. 
At the reproductive phase, the powerful owl model was placed under several 
constraints, these being firstly a general prey resource and secondly tree 
hollows for nesting. The constraining of potential powerful owl habitat with 
general prey resources and tree hollows caused large declines in the 
retention of potential habitat across the gradient (F2,60=54.98, p<0.001). 
Retention was highest within the forest zone (93.07%) (Tukey<0.05) and 
declined dramatically across the urban to forest gradient (urban-fringe: 
47.90%, urban: 11.76%) (Tukey<0.05) (Figure 5.4c, Figure 5.5).  
 
 
 
Figure 5.5. Retention of potential habitat (mean ± 1 SE) across the urban to forest gradient 
where triangles are a general prey resource and circles are generalist prey and tree hollow 
resources. The dotted black line represents a reference line at 100% of habitat retention. 
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The differential between percent of potential habitat for settlement and 
percent of potential habitat for breeding with a general prey resource 
highlights the broken link between settlement and reproduction across the 
gradient for the powerful owl with retention particularly poor in urban areas 
and average across the urban-fringe. This suggests that powerful owls within 
the urban-fringe zones are potentially capable of inhabiting both demographic 
source/sink habitats while individuals in urban areas are more exposed to 
entering a potential ecological trap. 
Once the percent of potential habitat retention was established, we assumed 
that the difference between settlement and reproduction under a general prey 
resource would predict the chance of a powerful owl making a maladaptive 
choice. The ability for the powerful owl to make a maladaptive choice varied 
across the gradient (F2,60=37.54, p<0.001). The lowest potential for a species 
to make a maladaptive choice occurred within the forest zone (5.42%), and 
increased in the urban-fringe to 35.89% (Tukey<0.05) (Figure 5.6). Animals 
potentially had greatest chance of making a maladaptive choice within the 
urban zone (78.5%) (Tukey<0.05). The increase in the differential between 
settlement and reproduction indicates that powerful owls can choose to 
inhabit poorer quality habitat at the cue of suitable prey and thus could 
potentially be inhabiting an ecological trap.    
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Figure 5.6. Potential for the powerful owl to make a poor quality habitat 
choice (mean ± 1 SE) across an urbanization gradient from settlement and 
reproduction with a general prey resource.  
 
5.3.3 Settlement and Reproduction with a diverse prey resource across the 
urban to forest gradient. 
The initial powerful owl model, with patch size restricted to 20ha was used to 
determine if the constraint of a diverse prey resource affected retention of 
potential habitat. The incorporation of a diverse prey source at settlement has 
a large effect on the retention of potential habitat across the gradient 
(F2,60=65.27, p<0.001). Retention of potential habitat at settlement stage with 
a diverse prey base was lowest in the urban zone (14.96%), and increased to 
67.84% in the urban-fringe, but was highest within the forest zone (90.42%) 
(Tukey<0.05) (Figure 5.7, Figure 5.8b). This suggests that if the powerful owl 
was dependent on a diverse prey resource the amount of habitat with 
increasing urbanization would decline at a greater rate, because diverse prey 
communities for this species are intolerant of urbanization. 
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The habitat suitability model for the powerful at the reproductive phase was 
constrained by a diverse prey resource and tree hollow resources required 
for breeding. When reproduction with a diverse prey base and tree hollows 
was considered there was disproportionate decline in potential habitat across 
the gradient (F2,60=49.30, p<0.001). Retention of potential habitat at the 
reproductive stage with a diverse prey base and tree hollows was lowest in 
the urban zone (10.61%), followed by the urban-fringe (42.68%) and was 
highest within the forest zone (85.32%) (Tukey<0.05) (Figure 5.7, Figure 
5.8c). Tree hollows with a diverse prey caused declines in potential habitat 
across the gradient, but these were less intense than when a diverse prey 
base was initially included at settlement.  
      
 
 
Figure 5.7. Retention of potential habitat (mean ± 1 SE) across the urbanization gradient 
where triangles are  a diverse prey resource and circles are diverse prey and tree hollow 
resource. The dotted black line represents a reference line at 100% of habitat retention. 
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Figure 5.8. Percent of retained potential habitat across an urban to forest gradient where a. represents potential habitat based on SDM modelling, b. 
represents settlement with a diverse prey resource and c. reproduction with a diverse prey resource. The red solid line defines the urban to urban-
fringe boundary while red dotted line defines the urban-fringe to forest boundary. 
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After determining the retention of potential habitat across the gradient we 
made the assumption that the difference between settlement and 
reproduction with a diverse prey resource would potentially lead to the 
chance of the powerful owl making a maladaptive habitat choice. The 
differential or chance of an animal making a maladaptive choice between 
settlement and reproduction with a diverse prey resource varied across the 
gradient (F2,60=7.42, p<0.001). Animals had the highest chance of making a 
maladaptive choice when selecting habitat in the urban-fringe (25.16%) and 
lower chances within urban and forest environments (urban: 4.34, forest: 
5.10) (Figure 5.9). This suggests that selecting habitat by a cue of diverse 
prey is more of a maladaptive choice in the urban-fringe than in the forest or 
urban zones. A requirement of diverse prey, ultimately, places a far greater 
constraint on initial habitat selection and settlement.  
 
Figure 5.9. Potential for the powerful owl to make a poor quality habitat choice 
(mean ± 1 SE) across an urbanization gradient from settlement and reproduction 
with a diverse prey resource.  
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5.3.4 Predicted breeding in comparison to known breeding sites 
To assess the fit of the model versus actual breeding locations, known 
breeding locations were compared to: 1) potential habitat retained when the 
initial powerful owl model (patch sizes greater than 20ha) was constrained by 
varying prey resources (i.e. either general or diverse prey resource), 2) at 
settlement and 3) reproductive phases. The model fitted well with 91% of 
known powerful owl breeding locations falling in the settlement and 
reproduction phases when under the constraint of a general prey resource. 
This percentage dropped slightly within the settlement and reproductive 
phase to 87% when the model was constrained by a diverse prey resource. 
These results suggest that the predicted breeding areas for the powerful owl 
correlates well with known breeding sites, if anything our models are slightly 
under predicting breeding habitat. 
5.4 Discussion 
Natural areas produce complex ecological systems that function as 
demographic sources. Animals within demographic sources are able to  
regulate their population numbers, while degraded systems often produce 
sink habitats (Sinclair, 1998). Source habitats are those capable of 
maintaining population numbers through immigration/births and 
emigration/death (Fryxell, 2001; Pulliam, 1988; Watkinson and Sutherland, 
1995). With habitat modification, there may not be enough suitable habitat 
remaining so animals are required to adapt to these changes, or inhabit sub-
optimal areas, known as demographic sinks (Battin, 2004; Tozer et al., 
2012). Sink habitats are those that are unable to maintain population 
numbers, instead relying on constant immigration from source populations 
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(Fryxell, 2001; Pulliam, 1988). While sink populations eventuate from species 
having to use sub-optimal habitat in the absence of suitable habitat, 
ecological traps occur when an animal makes a maladaptive choice based on 
the resource cues and selects to settle in poor quality habitat even if suitable 
habitat is available (Battin, 2004; Robertson and Hutto, 2006; Tozer et al., 
2012). 
The capability of environments to retain potential habitat for the powerful owl 
from initial species distribution models through the stages of settlement and 
reproduction varied with the required prey resource and the level of 
urbanization. As the level of urbanization increased the retention of potential 
habitat in the settlement phase declined, with the biggest declines occurring 
in urban zones with the inclusion of tree hollow resources regardless of prey 
type. This suggests that in the urban-fringe zone there is a mixture of optimal 
and sub-optimal areas being settled by powerful owls, hence, the urban-
fringe is acting as a source/sink environment. On the other hand the urban 
area retained more potential habitat at settlement but is limited in retaining 
habitat once a tree hollow resource is incorporated at the reproductive phase, 
more so if a diverse prey source is required. This indicates that the powerful 
owl may be settling in urban areas based on prey availability cues, and while 
this is not a maladaptive decision at settlement, it impairs future breeding and 
fitness, thus potentially leading to an ecological trap. While these choices 
may be leading to an ecological trap these areas are still ecologically 
important because they are potentially providing floating non-breeding 
powerful owls with a place to reside until a breeding site becomes available 
to them.  
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If urban environments are providing sub-optimal habitat what is allowing this 
species to inhabit them? The ability of increased prey densities to influence 
inhabitance occurs internationally with several raptor species persistence in 
urbanizing environments linked to their dietary requirements (Chace and 
Walsh, 2006; Gehlbach, 1996; Parker, 1996; Smith et al., 1999). Dietary 
analysis for the powerful owl suggests that the diversity of prey, while 
important for ecosystem functioning, is not essential as powerful owls have a 
diverse diet in forest regions, but cope equally well on a generalist diet of 
ringtail and brushtail possums within urban-fringe environments (Cooke and 
Wallis, 2004; Cooke et al., 2006). The ability for the ringtail and brushtail 
possums to reach higher densities in urban environments, due to their 
opportunistic nature (Temby, 2004), may be providing a cue for the powerful 
owl to choose poorer quality areas. Although urban areas are providing a 
suitable prey source, tree hollows suitable for breeding are scarce. 
Therefore, more urbanized environments are potentially acting as an 
ecological trap, providing areas where this species can theoretically survive 
very well with a dense prey resource, they are unlikely to  reproduce (Battin, 
2004). 
 If urbanization is potentially leading to the production of sinks within the 
urban-fringe and ecological traps in urban areas how do we manage for the 
powerful owl who as an apex predator that contributes to top-down regulation 
of trophic systems? (Letnic et al., 2012; Pace et al., 1999; Terborough and 
Estes, 2010). One way would be to retain old trees capable of supporting or 
producing tree hollows in addition to maintaining the structural complexity of 
vegetation. These environments, however, are located in urban-fringe and  
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urban zones where a high proportion of remnant vegetation in parks and 
reserves is maintained for recreation. The goal when managing for recreation 
is to keep the public safe  with the removal of tree limbs and in some cases 
whole trees capable of producing tree hollows (Gibbons and Lindenmayer, 
2002; Harper et al., 2005). 
An alternative management action that would have longer lasting effects and 
be directly applicable to urban and urban-fringe environments is nest boxes. 
The use of nest boxes for the management of species occurs worldwide, with 
uptake of the nest box by the target species highly variable (Fargallo et al., 
2001; Rohrbaugh and Yahner, 1997). Poor uptake can be reduced by 
providing nest boxes as similar as possible to natural tree hollows within tree 
hollow limited environments (Fargallo et al., 2001; McNabb and Greenwood, 
2011; Rohrbaugh and Yahner, 1997).  
Powerful owls are capable of dispersing long distances from environments 
with breeding resources, into those without breeding resources at the 
potential cue of prey availability (Hogan and Cooke, 2010).  This is supported 
by McNabb and Greenwood (2011), who noted that a powerful owl had 
dispersed from its urban-fringe natal territory where it was banded into the 
urban environment and paired up with a mate. By adding an artificial tree 
hollow, in the form of a nest box,  this pair were able to successfully breed 
and fledge one chick (McNabb and greenwood, 2011). Several nest boxes 
would be required per breeding pair as powerful owls will alternate  between 
tree hollows over their lifespan (McNabb, 1996). The process of establishing 
nest boxes and their placement would have to be implemented carefully. The 
initial step would be to survey areas within the urban zone to determine the 
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presence of powerful owls and how limiting tree hollows are within the 
environment. The second stage would be implementation of nest boxes and 
research on breeding to establish if breeding can be facilitated with the 
presence of artificial nesting sources.  
The management and conservation of powerful owls will be difficult in urban 
areas, but it is imperative to create stable and functional populations of this 
species across their distribution. Stable populations of the powerful owl are 
required to maintain top-down regulation of trophic systems and promote 
ecological health through conservation of less resource dependent species.  
  
 
Chapter 6:  Discussion 
 
 
 
 
 
Male powerful owl - Warrandyte, Victoria, Australia. 
 
We have forgotten how to be good guests,                                             
how to walk lightly on the earth as its other creatures do.                                  
~ Barbara Ward, Only One Earth, 1972 
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6.1 Summary  
Determining the factors driving species occurrences within ecosystems is 
challenging and is made more complicated when focusing on cryptic, highly 
mobile species across a landscape gradient. Species distribution models 
(SDM's) were useful for investigating habitat suitability for the powerful owl, 
its prey and tree hollow resources across an urban to forest gradient. SDM's 
were able to indicate the ecological characteristics driving habitat suitability 
and resource availability across the gradient. Through site suitability analysis, 
species-specific resources were incorporated into suitability measures, 
placing constraints on the models, such as resource limitations, which occur 
in natural ecosystems. The models indicated that the gradient was potentially 
producing two levels of habitat suitability. One represented optimal habitat 
suitability for the powerful owl, containing the complex roost, prey and 
breeding resources required, while the second, sub-optimal habitat suitability 
provided suitable roosts and prey resources, facilitating inhabitancy but not 
breeding.  
6.2 Species distribution modelling 
There are many different species distribution models (SDM's) available with 
two of the most renowned being presence-absence and presence-only 
models. While each has their associated merits and limitations, presence-
only modelling has increased in its usage due to the availability of presence-
only data, regularly stored by government bodies and museums worldwide. 
Even though there are many presence only programs available Maxent 
(version 3.3.3), was used in this research as it has been indicated to 
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constantly outperform other presence-only modelling techniques (Elith et al., 
2006; Elith et al., 2011). 
 Limitations associated with presence only SDM are that data is often biased 
in one of two ways, spatially or species wise and secondly by not including 
species-specific resource layers to refine models (Anderson and Gonzalez 
Jr, 2011; Bean et al., 2012; Guisan et al., 2006; Phillips, 2008; Phillips et al., 
2009). Species bias in databases trends towards aesthetically pleasing 
species with more rare, threatened and endangered species locations stored 
in databases (Zaniewski et al., 2002). Spatial bias on the other hand, means 
that easily assessable places such as those close to roads or parks, 
generally contain more records than inaccessible or more remote sites 
(Guisan et al., 2006; Papeş and Gaubert, 2007). Species bias is not as 
debilitating as spatial bias, which can lead to skewed predictions across a 
given landscape (Elith et al., 2011). Recent SDM literature suggests that bias 
should be accounted for in some form, with many different suggestions of 
how one should account for spatial bias (e.g. targeted bias, bias grids, bias 
layer) (Phillips, 2008; Phillips et al., 2009).  
In this study bias was accounted for by producing bias layers. Bias layers 
were constructed from atlas data supplied by the Department of 
Sustainability and Environment (DSE) Wildlife Atlas and Birdlife Australia 
(BA) Atlas, whereby combined presences from these databases indicated 
survey effort across the landscape. The purpose of this layer was to rate cells 
across the landscape based on their survey effort, with areas surveyed more 
receiving higher bias ratings, and those surveyed less a lower bias rating. 
This allowed the model to correct its predictions based on the level of survey 
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effort. In prior research (e.g. Phillips, 2008; Phillips et al., 2009) accounting 
for bias improved AUC scores, however, the best models in this study were 
those that did not include the bias layer. This result may be because 
occurrences were not excessively biased or it could be an anomaly. The best 
model being one without the inclusion of bias could pertain only to this study, 
or it may be that Maxent, as a presence-only modelling technique, is robust 
enough to make good predictions even if the species data is slightly skewed 
(Baldwin, 2009; Graham et al., 2008).    
The second issue associated with models in general, but in particular 
presence-only models, is that they tend to over predict. When habitat 
suitability is being used as a tool to prescribe management actions, more 
robust management actions could be applied if habitat suitability could be 
restricted to a realized distribution (Guisan et al., 2006; Guisan and 
Zimmermann, 2000; Kearney et al., 2010). By including species-specific 
resources, limitations can be placed on habitat suitability indices similar to 
those in healthy functioning ecosystems. This allows for predictions of 
realized and functional habitat suitability, allowing management actions to be 
devised to conserve environments currently supporting this species and to 
restore sub-optimal environments. 
6.3 Powerful owl conservation across an urban to forest gradient. 
6.3.1 Degradation processes 
Degradation of Australian ecosystems began with European settlement. 
European settlement was responsible for wide scale loss of vegetation, 
however, it is now urbanization that is having the largest ramifications for 
Discussion 
 
106 
 
biodiversity (Benson, 1991; McKinney, 2002, 2006). Urbanization, or the 
conversion of natural ecosystems into areas dominated by built structures 
and impervious surfaces, is a global phenomenon (McDonnell et al., 2009). 
Habitually, urban environments are very similar globally, in structure and 
function having been formed by a narrow set of human requirements 
(Marzluff and Ewing, 2001; McKinney, 2006) . This alteration in the structure 
and function of ecosystems results in homogenized flora and fauna 
communities composed of a few very abundant species (Kark et al., 2007; 
Kühn and Klotz, 2006; Olden et al., 2004). Although there are still species 
that can exist, and at higher abundances, species richness declines intern 
causing reduction in overall ecosystem health (Devictor et al., 2007; Kowarik, 
2011; Styers et al., 2010). Although urbanization has been identified as a 
degrading process and the impacts on flora and fauna are evident, the 
process of conserving and restoring these areas is complex (Goddard et al., 
2010; Hobbs et al., 2006; Lindig-Cisneros, 2000; Tzoulas et al., 2007). 
6.3.2 Habitat suitability across the gradient for the powerful owl and two main 
prey resources. 
The powerful owl is inhabiting urbanized environments across its distribution 
(Cooke and Wallis, 2004; Kavanagh, 2004; Pavey, 1993) the degree to which 
this tolerance will stretch and the factors driving their use of these 
environments are still virtually unknown. Modelling a species association with 
eco-geographical variables is a good starting point as it allows identification 
of the ecological variables in a given area and how these positively or 
negatively affect the species. In the case of the powerful owl (Chapter 2) 
forest or more complex environments held the highest proportions of 
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potential habitat for this species, followed by the urban-fringe. Urban 
environments had limited potential habitat for this species in comparison with 
the other zones of the gradient. This indicates that although the powerful owl 
can inhabit urban environments, more natural urban-fringe and forest 
environments support more potential habitat for this species. Other raptors 
including the red-tailed hawk (Buteo jamaicensis) have had mixed results in 
urban areas. While Bloom and McCrary (1996) indicate that in California red-
tailed hawks tended to avoid urban areas, in New York and Wisconsin, this 
species was shown to inhabit and tolerate urban environments (Minor et al., 
1993; Stout et al., 1996). This suggests that the ability to inhabit urban 
environments is related to resource availability. 
Arboreal marsupials, a key prey resource of powerful owls experience severe 
biotic and functional homogenization with increasing urbanization (Chapter 
3). Forest environments with complex resources supported potential habitat 
for diverse groups of arboreal marsupials, however, as the level of 
urbanization traversed to urban-fringe, thresholds for forest dependent 
arboreal marsupials were breached and they were subsequently lost from the 
system without replacement. This trend continued until left with one group of 
arboreal marsupials, these being common ringtail and common brushtail 
possums that often exhibit higher densities in disturbed environments 
(Temby, 2004). Powerful owls, due to being an opportunistic predator retain a 
prey source across much of the study site, however, the diversity in groups of 
prey declines dramatically with increases in urbanization.  
Prey availability is a driving factor in the ability for raptors to tolerate urban 
areas (Chace and Walsh, 2006). Raptors such as great horned owls and 
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Mississippi kites (Ictinia mississippiensis), who primarily consume small prey 
or human commensals generally succeed in urban environments (Chace and 
Walsh, 2006). Alternatively, the tawny owl (Strix aluco) deals with prey 
availability by prey switching, consuming higher proportions of mammals in 
more natural environments and supplementing their diet with insects and 
amphibians in more urban environments (Ranazzi et al., 2000). Some raptors 
that are not tolerant of urbanization are those with diets consisting of larger 
disturbance sensitive mammal species such as the ferruginous hawk (Buteo 
regalis) (Berry et al., 1998) or those with specialist nesting requirements such 
as the barred owl (Strix varia) (Bosakowski and Smith, 1997; Dark et al., 
1998). 
The final, but fundamental resource required for the powerful owl and its prey 
is tree hollows or cavities (Chapter 4). As tree hollows, especially large tree 
hollows are required by the powerful owl, taking hundreds of years to form it 
is not surprising that urbanization causes a decline in suitable tree hollow 
habitat for the powerful owl. Prior research indicates that urban streetscapes 
and urban remnants support few hollow bearing trees due to past 
management practices (Gibbons and Lindenmayer, 2002). Raptors with more 
flexible nesting abilities that are able to use native, non-native and artificial 
structures are usually more tolerant of urban environments and in some 
cases have higher reproductive output (Botelho and Arrowood, 1996; Cade 
et al., 1996; Rosenfield et al., 1995). Those that require specialist nesting 
resources such as the northern spotted owl (Strix occidentalis caurina) 
(Bonnett and Zimmerman, 1991; Cook, 1993), barred owl (Bosakowski and 
Smith, 1997; Dark et al., 1998) and the sooty owl (Bilney et al., 2006) are not 
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provided for in urban environments. From including these key resources is it 
possible to predict levels of habitat suitability. 
6.3.3 Potential for ecological traps with increasing  urbanization  
Whether consciously or not animals process cues from the environment and 
make decisions on how suitable a habitat is to sustain themselves (Battin, 
2004; Gilroy and Sutherland, 2007; Robertson and Hutto, 2006). In natural 
environments like forests these cues are generally proportional, however, in 
urbanized environments, where the system is highly altered, cues become 
disproportionate. This can lead to marginal or sub-optimal habitat (providing 
necessary resources for occurrence only) being mistaken as optimal habitat 
(providing necessary resources for settlement and breeding) (Mannan et al., 
2008; Robertson and Hutto, 2006).  
The capability of environments to retain potential habitat for the powerful owl 
from SDM through to  settlement and reproduction varies with the required 
prey resource and the level of urbanization (Chapter 5). Increasing 
urbanization may be providing the powerful owl with a cue in the form of 
plentiful prey allowing for them to settle in urban environments. While this 
may not be a maladaptive choice at that point in time it could result in 
reduced fitness and reproduction as the urban environment produces few 
tree hollows capable of supporting breeding.  
Although ecological traps are difficult to determine and often require years of 
population estimates, the fact that this species is able to breed in forests and 
urban-fringe environments, but breeding is severely limited in the urban zone 
suggesting the potential for an ecological trap. If urban areas are acting as 
ecological traps careful management as highlighted in Chapter 5 is required 
Discussion 
 
110 
 
otherwise it is likely to have adverse impacts on source populations 
potentially causing a decline in population viability and overall ecosystem 
health (Turgeon and Kramer, 2012).  
6.3.4 Management and conservation actions 
The key goal in managing the powerful owl across an urban to forest gradient 
would be producing self-sustaining ecologically healthy populations. Urban 
environments are already functioning as an area where the species can 
inhabit and be supported by a generalist prey resource. It is unlikely that 
urban areas can be modified enough to support a diverse assemblage of 
arboreal marsupials, but  through tree planting and modifying current 
management practices natural tree hollows could be created with time. 
Regardless the tree hollow resource would not be re-created for hundreds of 
years, so this may not be the optimal solution (Gibbons and Lindenmayer, 
2002; Harper et al., 2005; Lindenmayer et al., 1997b). One alternative would 
be to provide artificial hollows or cavities by erecting nest boxes. The uptake 
of nest boxes by a target species is highly variable with success generally 
depending on placement of the box , nest box construction and dimensions 
(Beyer and Goldingay, 2006; Lindenmayer et al., 1997b; Lindenmayer et al., 
2009b). By providing additional artificial cavities in urban environments 
breeding would be possible.  
Management for this species in forest environments is very different to that of 
urban areas. Forest environments already contain high levels of habitat 
suitability for the powerful owl, a diverse prey base and nesting sources. 
Although forests are producing source populations of this species they are 
still subject to stochastic events such as fire and anthropogenic impacts such 
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as logging and increased prescriptive burns. Increased burns and logging 
have been directly responsible for the simplification of forest structure and 
the loss of key resources like suitable roosts and nesting sites for large forest 
owls (Kavanagh and Peake, 1993; Roberts et al., 2011; Sulkava and 
Huhtala, 1997). In forests, management should focus on maintaining 
assemblages of vegetation, with diverse ages, structures and complexity 
levels to maintain intricate communities of fauna and promote ecosystem 
health. More effort needs to be placed on the retention and recruitment of 
hollow bearing trees. In logging coups the number and complexity of hollow 
bearing trees per hectare should replicate that of unlogged forests in order to 
provide the powerful owl and its main prey source with adequate breeding 
sites.   
Management of the urban-fringe zone is likely to be the most difficult. 
Although urban-fringe environments maintain remnant patches of vegetation, 
containing structural and floristic complexity, they are also subject to 
processes like urban sprawl and intensification of urban impacts (Bekessy et 
al., 2012). In the urban-fringe the options for management can be grouped 
into two categories where the first option is to do nothing and accept that 
further deterioration will occur with increasing urbanization pressures. The 
second option is to maintain these environments and in certain cases employ 
restoration techniques. Restoration has been defined as returning a system 
to its pre-disturbance state of function and structure, more recently it has 
been seen as returning a system to the point where human interaction 
changes the trajectory of the system (Lindig-Cisneros, 2000). Restoration is 
complex and needs to encompass environmental factors such as abiotic and 
biotic interactions, structure, function, complexity, connectivity and resilience, 
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in addition to human behaviours and perceptions (Hobbs et al., 2006; Lindig-
Cisneros, 2000; Tzoulas et al., 2007). Restoring urban-fringe environments 
for powerful owls means ensuring maximum connectivity of remaining 
patches, ensuring vegetation with structural complexity remains and diverse 
planting to aid in maintenance and recruitment of suitable nesting sites. 
6.5 Future directions 
This research contributes to the sparse information currently available on the 
spatial ecology of the powerful owl and its response to urbanization 
gradients, but it also poses a multitude of new questions and research 
directions. Two main areas, home-range and breeding across the urban to 
forest gradient should be made a priority for future research. 
Home-range studies should focus on defining home ranges for powerful owls 
across the urban to forest gradient. As they become available and more 
affordable GPS and satellite trackers will make defining this species home-
range more efficient. Precise spatial movements will also allow a focus on 
core areas of home-ranges and the spatial configuration of resources 
required. 
Comprehensive breeding research is required for the powerful owl to answer 
pressing questions on breeding across an urbanization gradient. These 
studies should focus on the ability, success and overall status of powerful 
owls breeding across the urban to forest gradient. With increasing 
urbanization forecasted, and the importance of predators in ecosystem 
functioning it is paramount that we understand how predators use space and 
what factors are driving this use so that more informed management actions 
can be established. 
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Appendix 1 
 
1.1 Normalised Difference Vegetation Index (NDVI) production 
 
Environment for Visualizing 4.7 (ENVI 4.7) was used to create a Normalised 
Difference Vegetation Index (NDVI).  NDVI is calculated by: 
ܰܦܸܫ ൌ ሺ௔೙೔ೝି௔ೡ೔ೞሻሺ௔೙೔ೝା௔ೡ೔ೞሻ         (1) 
where avis equates to the average surface reflectance in the visible ሺߣ ׽ ͲǤ͸ሻ 
wavelengths of the spectrum and anir is the average surface reflectance in 
the near infrared ሺߣ ׽ ͲǤͺሻ wavelengths of the spectrum (Adams and 
Gillespie, 2006; Carlson and Ripley, 1997; Cohen and Goward, 2004; 
Lillesand et al., 2008). In an ecological sense, the output from the NDVI is a 
relative greenness index measuring the amount of live synthesising 
vegetation present across the surface of a landscape (Leslie et al., 2010). 
The NDVI for the purpose of this research was created from four high 
resolution SPOT 10 (Système Pour l’Observation de la Terre) images with a 
pixel size of 10m x10m. Two of these images were collected on 21/12/2008 
and the other two on the 26/01/2009 by satellites. Before the NDVI could be 
created images had to have the four wavelengths specified, undergo 
atmospheric correction and also correct for any brightness/contrast 
differences between images. Corrected images were then mosaicked 
together, using one image as the base and a feathering distance of 100 
pixels as the overlap between each image (ITT Visual Information Solutions, 
2010b). This created a near seamless image of the original four satellite 
images which was used to create the NDVI.   
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1.2 Land cover layer production 
The NDVI, was then used as the base layer in creating the land cover layer. 
One hundred and seven Regions of Interest (ROI's) were defined in each of 
the five habitat types of impervious surfaces, trees, grass/agriculture, water 
and rivers. These ROI's were used as training data during supervised 
classification. Supervised classification was undertaken using the maximum 
likelihood function, where in each pixel is given a probability that it belongs to 
a particular class and then assigned to the class with the highest probably 
(ITT Visual Information Solutions, 2010a). The resulting output is a ascii layer 
that can be converted and viewed in ArcGIS 10 (Environmental Systems 
Reasearch Institute, 2010) 
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Table 2.1: Correlation analysis of the 9 EGVs conducted in ENM tools prior to powerful owl habitat suitability modelling. 
SPC 
Tree 
Cover 
Land 
Cover 
LinDen 
EphRivers 
LinDen 
PermRivers NDVI 
LinDen 
Roads Riparian 
EucDist 
RiparianVeg 
LinDen 
Rivers 
SPC - -0.03 -0.01 0.08 -0.02 0.00 -0.08 -0.08 -0.04 0.08 
Tree Cover - - -0.59 -0.30 0.06 -0.65 0.36 -0.11 0.11 -0.30 
Land Cover - - - 0.13 -0.08 0.61 -0.19 0.11 -0.06 0.13 
LinDen EphRivers - - - - -0.06 0.25 -0.75*** 0.09 -0.43 1.00*** 
LinDen PermRivers - - - - - -0.08 0.04 0.08 -0.15 -0.06 
NDVI - - - - - - -0.36 0.09 -0.09 0.25 
LinDen Roads - - - - - - - -0.08 0.45 -0.75*** 
Riparian - - - - - - - - -0.16 0.09 
EucDist RiparianVeg - - - - - - - - - -0.43 
LinDenRivers - - - - - - - - - - 
LinDen EphRivers equates to Lineal Density of Ephemeral Rivers; LinDen PermRivers equates to Lineal Density of Permanent Rivers; LinDen Roads equates to Lineal                           
Density of Roads;  EucDistRiparianVeg equates to Euclidean Distance to Riparian Vegetation; LinDenRivers equates to Lineal Density of Rivers.                                                                                    
Bold text with asterisks highlight correlated EGVs. 
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c.) 
 
 
 
 
 
 
d.) 
 
 
 
 
 
Figure 2.1a-d: Red represents the mean response of the variable over the 20 
replicate runs in Maxent. Blue represents the mean response of the variable 
over the 20 replicate runs ± one standard deviation (Categorical variables 
contain two shades of blue).            
Euclidean distance from riparian vegetation (m) 
Lineal density of ephemeral rivers (per square km) 
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Appendix 3   
 
Table 3.1: Correlation analysis of the 11 EGVs conducted in ENM tools prior to arboreal marsupial habitat suitability modelling. 
SPC 
Tree 
Cover 
DTM 
20m 
Land 
Cover 
LinDen 
EphRivers 
LinDen 
PermRivers NDVI 
LinDen 
Roads Riparian 
EucDist 
RiparianVeg 
LinDen 
Rivers 
SPC - -0.03 0.10 -0.01 0.08 -0.02 0.00 -0.08 -0.08 -0.04 0.08 
Tree Cover - - -0.52 -0.59 -0.30 0.06 -0.65 0.36 -0.11 0.11 -0.30 
DTM20m - - - 0.35 0.36 -0.13 0.62 -0.51 -0.04 -0.05 0.36 
Land Cover - - - - 0.13 -0.08 0.61 -0.19 0.11 -0.06 0.13 
LinDen EphRivers - - - - - -0.06 0.25 -0.75*** 0.09 -0.43 1.00*** 
LinDen PermRivers - - - - - - -0.08 0.04 0.08 -0.15 -0.06 
NDVI - - - - - - - -0.36 0.09 -0.09 0.25 
LinDen Roads - - - - - - - - -0.08 0.45 -0.75*** 
Riparian - - - - - - - - - -0.16 0.09 
EucDist RiparianVeg - - - - - - - - - - -0.43 
LinDenRivers - - - - - - - - - - - 
LinDen EphRivers equates to Lineal Density of Ephemeral Rivers; LinDen PermRivers equates to Lineal Density of Permanent Rivers; LinDen Roads equates to Lineal Density                                    
of Roads;  EucDist RiparianVeg equates to Euclidean Distance to Riparian Vegetation; LinDen Rivers equates to Lineal Density of Rivers.                                                                                               
Bold text with asterisks highlight correlated EGVs 
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a.) 
 
 
 
 
 
 
 
 
b.) 
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c.) 
 
 
 
 
d.) 
 
 
 
 
Figure 3.1a-d: Red represents the mean response of the variable over the 20 
replicate runs in Maxent. Blue represents the mean response of the variable 
over the 20 replicate runs ± one standard deviation (Categorical variables 
contain two shades of blue).  
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c.) 
 
 
 
 
 
Figure 3.2a-c: Red represents the mean response of the variable over the 20 
replicate runs in Maxent. Blue represents the mean response of the variable 
over the 20 replicate runs ± one standard deviation (Categorical variables 
contain two shades of blue).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lineal density of ephemeral rivers (per square km) 
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a.) 
 
 
 
 
 
 
b.) 
 
 
 
 
Figure 3.3a,b: Red represents the mean response of the variable over the 20 
replicate runs in Maxent. Blue represents the mean response of the variable 
over the 20 replicate runs ± one standard deviation. 
Lineal density of roads (per square km) 
DTM (m) 
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Table 4.1: Correlation analysis of the nine EGVs conducted in ENM tools prior to modelling tree hollows for powerful owls and arboreal marsupials. 
Tree 
Cover 
Land 
Cover 
LinDen 
EphRiv 
LinDen 
PrmRiv NDVI 
LinDen 
Roads Riparian 
EucDist 
RiparianVeg SPC 
Tree Cover - -0.58 -0.27 0.06 -0.65 0.37 -0.11 0.08 -0.03 
Land Cover - - 0.12 -0.08 0.62 -0.20 0.10 -0.05 0.00 
LinDen EphRiv - - - -0.01 0.23 -0.75*** 0.08 -0.47 0.08 
LinDen PrmRiv - - - - -0.08 0.07 0.08 -0.20 -0.02 
NDVI - - - - - -0.38 0.09 -0.08 0.00 
RDLinDn - - - - - - -0.08 0.35 -0.08 
Riparian - - - - - - - -0.15 -0.08 
EucDist RiparianVeg - - - - - - - - -0.04 
SPC - - - - - - - - - 
LinDen EphRivers equates to Lineal Density of Ephemeral Rivers; LinDen PermRivers equates to Lineal Density of Permanent Rivers; LinDen Roads equates to Lineal Density of Roads;                                               
EucDist RiparianVeg equates to Euclidean Distance to Riparian Vegetation; LinDenRivers equates to Lineal Density of Rivers.                                                                                                                                                         
Bold text with asterisks highlight correlated EGVs. 
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a.) 
 
 
 
 
 
 
b.) 
 
 
 
 
 
Figure 4.1a,b: Red represents the mean response of the variable over the 20 
replicate runs in Maxent. Blue represents the mean response of the variable over 
the 20 replicate runs ± one standard deviation (Categorical variables contain two 
shades of blue).  
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b.) 
 
 
 
 
 
Figure 4.1a,b: Red represents the mean response of the variable over the 20 
replicate runs in Maxent. Blue represents the mean response of the variable over 
the 20 replicate runs ± one standard deviation (Categorical variables contain two 
shades of blue).  
Lineal density of ephemeral rivers (per square km) 
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